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ABSTRACT 


The  Horton  model  of  runoff  production  is  not  an 
accurate  description  of  the  processes  generating  storm 
runoff  during  most  rainstorms  in  the  humid  North- 
eastern United  States.  The  permeable  topsoils  through- 
out the  region  have  higher  infiltration  capacities  than  the 
majority  of  measured  rainfall  intensities.  Therefore, 
overland  flow  only  occurs  on  large  areas  of  a  watershed 
during  the  snowmelt  season,  when  concrete  frost  reduces 
the  infiltration  capacity  of  the  soils  of  some  areas. 

Runoff-producing  mechanisms  were  studied  in  a 
10-acre  watershed  in  northeastern  Vermont.  The  three 
small  areas  that  were  intensively  instrumented  were  a 
steep,  half-acre  hillside  covered  with  deep,  permeable 
soils;  a  half-acre  area  of  low  slope  and  shallow,  wet  soils; 
and  the  channel  area  itself.  Data  were  collected  under 
snowmelt  conditions  and  during  natural  and  artificial 
rainstorms. 

During  snowmelt,  an  average  of  1.3  inches  of  water 
(45  percent  of  the  initial  water  content  of  the  snow- 
pack)  flowed  over  the  frozen  surface  of  the  deep, 
permeable  soils  to  the  channel.  This  runoff  dominated 
the  daily  discharge  hydrograph  and  was  extremely 
sensitive  to  the  rate  of  incoming  shortwave  radiation. 
The  large  storage  capacity  and  resistance  of  the  soil 
caused  hydrographs  of  subsurface  flow  to  lag  those  of 
surface  runoff  by  several  hours. 

During  most  natural  rainstorms,  only  rain  that  fell 
onto  the  marshy  surface  of  the  stream  depression  and 
onto  its  wet  banks  produced  rapid  storm  runoff.  A  small 
amount  of  subsurface  flow  from  the  immediate  channel 
area  supplied  some  runoff  to  the  recession  limb  of  the 
channel  hydrograph.  Usually  less  than  10  percent  of  the 
total  watershed  area  contributed  storm  runoff.  No  storm 
runoff  was  produced  by  natural  rainstorms  on  the  deep, 


permeable  soils  covering  the  steep  slopes  of  the  water- 
shed. The  only  overland  flow  that  reached  the  channel 
came  from  small  areas  of  shallow  soil  that  became 
saturated  in  some  storms. 

Three  processes  of  storm  runoff  production  were 
observed  and  measured  during  large  artificial  storms  on 
the  three  areas  intensively  studied.  These  processes  were: 
subsurface  flow;  "return  flow,"  here  defined  as  water 
that  emerges  from  the  ground  surface  and  reaches  a 
stream  channel  as  overland  flow;  and  "channel  precipita- 
tion," defined  as  surface  flow  produced  by  rain  falling 
onto  areas  already  covered  by  flowing  water.  Although 
conditions  favored  its  existence,  subsurface  flow  was  not 
an  important  contributor  of  storm  runoff.  Rather  than 
acting  as  an  efficient  conduit  for  runoff,  the  soil  stored 
almost  all  the  water  supplied  to  it,  raising  a  water  table 
to  the  ground  surface.  Return  flow,  which  resulted  when 
the  saturated  zone  reached  the  surface,  dominated  the 
runoff  hydrograph  from  the  hillside  of  deep  permeable 
soils,  and  contributed  approximately  50  percent  of  the 
runoff  from  the  area  of  shallow  soils.  Channel  precipita- 
tion was  again  a  major  contributor  to  the  storm  hydro- 
graph,  made  even  more  important  by  increased  drainage 
density  caused  by  the  extension  of  saturated  areas 
during  storms.  In  large  storms,  the  surface  area  of  the 
stream  in  the  watershed  studied  may  expand  by  as  much 
as  170  percent,  causing  a  proportionate  increase  in 
channel  precipitation. 

Runoff  and  erosion  were  more  spatially  varied  than 
the  Hortonian  model  of  landscape  development 
postulates.  Therefore,  an  attempt  was  made  to  explain 
the  regularity  of  geometric  features  of  the  landscape  by 
the  mechanisms  of  runoff  production  measured  in  the 
small  basin. 
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RUNOFF  PRODUCTION  IN  A  HUMID  AREAt. 

A 
Thomas  Dunne^ 


INTRODUCTION 


The  way  water  gets  into  a  stream  during  and  im- 
mediately after  a  storm  or  during  snowmelt  is  an  im- 
portant consideration  in  the  fields  of  geomorphology 
and  hydrology.  In  geomorphology,  a  knowledge  of  the 
amounts  and  timing  of  various  kinds  of  flow  and  their 
physical  controls  is  necessary  to  define  the  forces  of 
erosion,  transportation,  and  deposition  at  work  on  a 
landscape.  Such  knowledge  is  required  to  measure  or 
calculate  soil  erodibility,  sizes  of  particles  that  can  be 
moved,  the  distance  they  can  be  transported,  and  the 
frequency  of  these  events.  The  location  of  erosion  and 
its  importance  in  the  formation  of  landscape  features 
depend  on  the  location  and  nature  of  runoff  production. 
In  hydrology,  knowledge  of  the  way  water  moves  helps 
in  studying  the  reactions  of  watersheds  to  various  mete- 
orological events.  Development  of  hydrologic  models 
requires  data  on  the  amounts  and  frequency  of  different 
kinds  of  flows,  and  on  the  timing  and  control  of  these 
flows. 

Models  of  the  various  flow  processes,  based  on  estab- 
lished physical  principles,  have  been  developed  in  hy- 
drology. However,  few  intensive  field  tests  have  been 
made  to  determine  the  range  of  applicability  of  these 
models  in  space  and  time.  Some  models  have  been 
designed  to  include  several  degrees  of  freedom  that  can 
be  manipulated  to  produce  a  correct  mathematical 
answer  when  applied  to  historical  data.  AppHcation  of 
these  models  shows  that  parameters  must  sometimes  be 
allowed  to  vary  between  unreasonable  limits  to  fit  ob- 
served data  closely.  These  shortcomings  suggest  that  either 
a  model  is  based  on  incorrect  assumptions,  or  that  it  is 
being  used  outside  the  range  of  conditions  for  which  its 
basic  assumptions  are  valid.  One  of  the  major  problems 
in  designing  models  of  runoff  production  has  been 
determining  the  ranges  of  landforms,  soils,  climate,  and 
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vegetation  to  which  such  models  can  be  applied.  Also, 
testing  such  models  has  been  hampered  by  the  absence 
of  measurements  of  all  the  relevant  parameters. 

OBJECTIVES 

Only  intensive  field  study  can  determine  the  ap- 
plication range  of  various  models  of  runoff  production. 
A  small  watershed  in  the  glaciated  upland  of  northern 
Vermont,  in  an  area  of  low-intensity  rainfall  and  highly 
permeable  .soils,  was  selected  for  such  study. 
The  objectives  of  the  study  were: 

(l)To  define  the  mechanisms  of  runoff  production  in 
a  small  watershed  under  rainfall  and  snowmelt 
conditions. 
(2)To  measure  directly  the  amounts  of  flow  con- 
tributed by  each  of  the  forms  of  runoff  en- 
countered. 
(3)To  determine  the  timing  of  these   contributions 

and  their  relation  to  the  channel  hydrograph. 
(4)To  determine  the  physical  controls  of  the  various 

runoff  processes. 
(5)To  determine  the  relations  between  the  hydrologic 
and  geomorphic  operation  of  the  drainage  basin. 


LITERATURE  REVIEW 

Currently  accepted  models  of  storm  runoff 
production  fall  into  three  categories:  overland  flow 
models,  subsurface  stormflow  models,  and  "partial-area" 
models. 

The  impetus  for  the  study  of  overland  flow  was  the 
work  of  Horton  (79,  20,  21)?  who  applied  the  follow- 
ing concept  to  the  production  of  storm  runoff  and  the 
development  of  land  forms.  During  a  storm  the  limiting 
rate  at  which  water  can  enter  a  soil  is  assumed  to  be  an 
exponentially  decreasing  function  of  time  after  the  onset 
of  rain,  .^t  any  time  in  a  storm,  rainfall  intensity  may 
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exceed  the  infiltration  rate.  When  this  occurs  a  "pre- 
cipitation excess"  is  produced.  (Free  water  accumulates 
on  the  soil  surface.)  This  water  fills  the  small  depressions 
on  the  surface,  and  then  runs  downslope  as  a  thin  sheet. 
Horton's  concept  has  been  used  and  extended  by  many 
workers  (8,  18,  32,  45,  61 ),  and  forms  the  basis  of  many 
of  the  mathematical  models  of  runoff  production  that 
have  been  developed  (9). 

In  arid  and  semiarid  areas  where  rainfall  intensities 
are  high  and  infiltration  rates  are  often  low,  the  overland 
flow  mechanism  is  accepted  as  a  basis  for  most  work  in 
hydrolog)'  and  geomorpholog\'.  In  humid  areas,  how- 
ever, some  workers  have  questioned  the  usefulness  of  the 
Hortonian  concept  (25).  The  generally  more  permeable 
soils  with  their  heavier  vegetative  cover  in  humid  areas 
seem  capable  of  absorbing  most  of  the  rains  that  occur. 
Yet,  streams  rise  and  decline  in  the  manner  that  has 
generally  been  associated  with  overland  flow.  In  the 
absence  of  empirical  evidence  of  overland  flow  in  some 
humid  areas,  several  hydrologists  have  suggested  that  it  is 
subsurface  stormflow  that  produces  the  rapid  response 
of  slreamflow  to  rainfall. 

There  has  been  no  general  agreement  on  the  specific 
mechanisms  of  subsurface  stormflow.  Hursh  and  Hoover 
(22),  working  in  deep,  permeable  forest  soils,  measured 
subsurface  flow  from  small  plots.  They  described  this 
runoff  as  rapid,  unsaturated  flow  through  open  root 
channels  above  the  water  table.  However,  their  data  are 
difficult  to  interpret  because  of  lack  of  detailed  informa- 
tion. Hewlett  and  Hibbert  (17)  quoted  recent  exper- 
imental evidence  on  the  way  water  moves  mainly 
through  the  small  pores  of  a  soil.  From  this  they  inferred 
that  unsaturated  displacement  and  translation  of  water 
within  a  soil  mass  supplies  a  narrow,  saturated  zone  at 
the  base  of  a  slope,  from  which  water  flows  laterally  into 
a  stream  channel,  but  they  give  no  empirical  evidence  of 
the  importance  of  this  unsaturated  flow  to  the  storm 
hydrograph.  Kirkby  and  Chorley  (25,  p. 7)  who  analyzed 
the  Hewlett  and  Hibbert  data  also  gave  no  such  evidence, 
and  concluded  that,  'Far  more  important  hydrologirally 
(than  overland  How)  is  slow,  unsaturated  flow  of  in- 
filtrated water  downslo[)e  through  the  soil,  particularly 
above  such  less  permeable  interfaces  as  the  base  of  the 
A-horizon."  Roessel  (39)  suggested  that  in  the  absence 
of  overland  ilow,  the  whole  runoff  hydrograph  should 
be  ascribed  to  "direct  reaction  of  groundwater  flow," 
which  he  defined  as  all  flow  through  soil  macropores. 
After  cuniparing  runoit  yields  from  watersheds  of 
various  sizes,  Amermaii  (/)  concluded  that  saturated 
flow  along  perched  water  tables  was  an  important  con- 
tributor to  the  storm  hydrograph.  Whipkey  (57) 
measured  outflows  from  various  horizons  of  a  forest  soil 
and  stated  that  the  major  mechanism  su])plyitig  storm- 


flow to  a  channel  was  saturated  flow  "perched"  over  an 
impeding  layer. 

We  do  not  know  the  magnitude  of  subsurface  contri- 
butions to  channel  flow  during  a  storm.  Other  unknowns 
include  the  timing  of  subsurface  contributions  relative  to 
rainfall  and  the  channel  hydrograph,  and  the  range  of 
soils  and  topographic  conditions  that  produce  significant 
amounts  of  subsurface  stormflow. 

Proponents  of  the  "partial-area"  concept  of  runoff 
suggest  that  only  a  small  fraction  of  a  watershed  con- 
tributes stormflow  to  a  channel.  The  concept  was 
recently  elaborated  by  Betson  (2)  in  the  course  of  a 
Hoitonian  analysis  of  storm  hydrographs  from  water- 
sheds in  North  Carolina.  Betson  found  that  including  a 
scaling  factor  in  his  equation  describing  infiltration  loss 
produced  a  closer  fit  of  calculated  runoff  to  observed 
data.  This  factor  was  interpreted  as  implying  that  not  all 
of  the  storm  rainfall  fell  onto  areas  of  the  watershed 
that  produced  runoff  in  the  manner  described  by  the 
Horton  model.  When  interpreted  from  the  coefficients 
of  his  equation,  the  contributing  watershed  area  was  low 
(less  than  10  percent)  and  consistent  in  size  between 
storms. 

Hydrologists  of  the  Tennessee  Valley  Authorit)  (48) 
developed  the  "partial-area"  idea  further,  under  the  title 
of  the  Dynamic  Watershed  Concept  (fig.  I).  Subsurface 
contributions  to  stormflow  are  thought  to  be  generated 
in  a  narrow  zone  close  to  the  stream.  The  remainder  of 
the  watershed  does  not  contribute  directly  to  stormflow 
but  acts  as  a  recharge  area  that  absorbs  rainfall  and  feeds 
it  slowly  downslope.  Between  these  two  belts  is^  a 
"dynamic  zone,"  which  may  or  may  not  contribute 
stormflow,  depending  on  antecedent  conditions  and  the 
duration  and  intensity  of  rainfall. 

^  cry  few  people  have  verified  the  "partial-area" 
concept  experimentally.  Amerman  (1,  p.  504)  working 
where  runoff  is  largely  controlled  by  alternating  beds  of 
varying  permeability,  found  that,  "Runoff-producing 
areas  were  located  in  seeminglv  random  fashion  on  ridge 
tops,  valley  slopes,  and  valley  bottoms."  Ragan  (38) 
studied  stormflow  contributions  along  a  640-foot  length 
of  channel  and  found  that  the  area  contributing  storm- 
flow to  the  stream  varied  between  1.2  percent  and  3 
percent  of  the  total  watershed.  The  major  contributing 
processes  were  rapid  groundwater  response  in  areas  close 
to  the  strream  (36  to  43  percent  of  storm  runoff)  and 
flow  from  small  seepy  areas  at  various  points  along  the 
flood  plain  (.55  to  62  percent  of  storm  runoff). 

THE  STUDY  AREA 

LOCATION 

This  study  was  conducted  at  the  Sleepers  River 
Fxperimental  Watershed,  at  Danville,  Vt.,  a  facility  of 
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Figure  1.— Illustration  of  the  Dynamic  Area  Concept  of  Runoff  Production  (after  Tennessee  Valley  Authority,  1964). 


the  Soil  and  Water  Conservation  Research  Division, 
Agricultural  Research  Service,  U.  S.  Department  of 
Agriculture.  The  Sleepers  River  is  a  tributary  of  the 
Passumpsic  River  in  the  upper  Connecticut  River  drain- 
age system.  Happy  Valley,  a  60-acre  basin,  lies  400  yards 
south  of  the  lowest  gaging  station  of  the  experimental 
watershed,  at  about  600  to  700  feet  above  mean  sea 
level.  A  single-track  railroad  divides  the  lower  10  acres  of 
this  catchment  from  the  rest  of  the  basin  (fig.  2).  Several 
small  areas  in  the  lower  part  of  Happy  Valley  were 
chosen  for  an  intensive  study  of  runoff-producing 
mechanisms. 


CLIMATE 

The  area  has  long,  cold  winters  and  short,  coo! 
summers.  Temperatures  range  from  -40  F.  to  98  with  a 
mean  annual  temperature  of  approximately  40  .  Average 
annual  precipitation  for  the  period  1958-67  at  a  weather 
station  400  yards  from  the  study  site  was  30  inches. 
From  one-third  to  one-half  of  this  precipitation  is  snow. 


which  usually  covers  the  area  from  early  December  to 
mid-April. 


TOPOGRAPHY  AND  GENERAL  DESCRIPTION 
OF  THE  INTENSIVELY  STUDIED  AREAS 

This  description  is  confined  to  the  part  of  the  basin 
below  the  railroad  line  (fig.  2).  The  topography  of  this 
lower  part  of  the  watershed  is  typical  of  a  dissected 
terrace  (see  section  on  geology).  A  small  proportion  of 
the  upper  terrace  surface  remains  within  the  watershed, 
though  the  surface  can  be  traced  up  the  Sleepers  River 
Valley  for  Vi  mile.  Steep  hillsides,  ranging  in  slope  from 
30  percent  to  over  100  percent,  separate  this  upper 
surface  from  the  valley  bottom. 

The  valley  bottom  is  7  to  70  feet  wide,  with  a  mean  of 
about  38  feet.  It  is  marshy  all  year.  Headward  spring 
sapping  seems  to  have  been  responsible  for  the  direction 
of  stream  channel  development  and  hence  terrace  dis- 
section. Several  springs  which  emerge  from  bedrock 
joints  feed  the  stream,  and  have  begun  sapping  back 
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Figure  2. -Map  of  the  Happy  Valley  Watershed. 


parallel  to  the  upper  section  of  the  stream.  The  stream 
flows  in  a  wide  marshy  depression  filled  with  grass, 
sedge,  and  dead  tree  branches  in  a  matrix  of  sand 
material.  Channel  width  ranges  from  1  foot  to  35  feet. 
Two  /2-acre  areas  were  chosen  for  intensive  study 
along  with  the  channel.  The  first  was  a  steep  slope 
covered  with  deep,  permeable  soils  (fig.  3).  The  second 
was  an  area  of  lower  slope  \vith  shallow,  poorly  drained 


soil    (fig.    4).    (These    two    areas    will    be    referred   to 
respectively  as  the  trenched  slope  and  Seep  B.) 

The  trenched  slope  provides  a  relatively  simple, 
isolated  system  with  no  inflow  from  above.  On  the 
northern  side  of  the  narrow  divide,  the  land  falls  off  just 
as  steeply  as  in  the  study  area.  The  slope  has  a  relief  of 
approximately  60  feet  and  a  smooth  longitudinal  profile. 
Hillside  gradients   measured  at  62  points  on   the   map 
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Figure  3.— Map  of  the  trenched  hillside. 


ranged  from  29  to  114  percent.  The  mean  slope  was  63 
percent  with  a  standard  deviation  of  16.2  percent. 

The  three  sections  of  the  hillside  are  convex,  concave, 
and  straight.  Hack  and  Goodlett  (25)  and  Troeh  {52) 
have  suggested  that  topography  and  soil  drainage  are 
closely  related.  Concave  areas  are  usually  zones  of 
convergent  soil  drainage,  whereas  convex  slopes  may  be 
the  sites  of  divergent  flow.  In  this  study,  I  extended  the 
concept  to  imply  that  topography  and  soil  drainage 
control  the  pattern  of  antecedent  soil  moisture  on  a 
slope  and,  thereby,  control  the  pattern  of  runoff 
production.  For  tliis  reason,  the  three  plots  in  figure  3 
were  instrumented  separately. 

The  area  draining  to  Seep  B  is  a  central  zone  of  low 
slope  (iess-than  10  percent)  bounded  by  steeper  slopes 
that  range  up  to  30  percent.  Seep  B  (fig.  4)  receives 
some  inflow  of  water  from  a  bedrock  spring.  The  water 


from  this  spring  reenters  the  ground  near  the  shallow 
depressions  shown  i"^  the  lower  left-hand  corner  of  figure 
4,  and  returns  to  the  surface  at  the  head  of  the  chaimel 
on  this  map.  Water  was  once  evacuated  from  the  upper 
part  of  the  area  by  a  board  drain,  which  is  now  degraded 
and  filled  with  silt.  (The  board  drain  did  not  seem  to 
affect  the  conclusions  of  these  experiments.) 


GEOLOGY 

Happy  Valley  has  been  carved  into  a  glaciolacustrine 
terrace  that  lies  against  the  side  of  a  steep  bedrock  hill- 
side. Each  of  the  four  geologic  units  within  the  valley 
has  a  different  hydrologic  response,  which  is  related  to 
the  geomorphology  of  the  basin.  The  four  units  are 
bedrock,  glacial  till,  varved  silts  and  very  fine  sands,  and 


0 

L. 


50 
J I 


Scale 
Contour  Interval  5  ft. 

•G    Piezometer  &  wells 

/   Limit  of  area  flooded  in 
1-hour  storm 
Limit  of  area  flooded  in 
2-  &  3.5  hour  storms 


Figure  4.— Map  of  Seep  B. 


sands.  Figure  5  shows  a  north-south  cross  section  of 
these  units  that  Hes  through  the  trenched  hillside,  the 
channel,  and  Seep  B. 


Bedrock 

The  Crow  Hill  member  of  the  Waits  River  formation 
(16)  lies  under  the  valley.  This  unit  consists  of  generally 
siliceous  granulite  with  occasional  beds  of  calcareous 
granulite  in  it.  Fresh  surfaces  are  bjue-gray,  and 
weathered  surfaces  are  gray  to  black.  The  rock  dips 
generally  to  the  east  at  35  to  40  with  a  north-south 
strike.  The  rock  is  characterized  by  nearly  vertical  joints 
that  also  strike  generally  north-south.  At  Emerson  Falls, 
approximately  400  yards  northwest  of  Happy  Valley, 
jointing  is  denser  in  the  noncalcareous  beds  (joints  2  to  3 


inches  apart),  than  in  the  calcareous  ones  (1  to  2  feet 
apart). 

The  Waits  River  formation  forms  the  valley  wall  at 
the  upper  (western)  end  of  the  watershed.  During  the 
last  glaciation,  the  bedrock  in  this  area  was  generally 
scraped  clean  by  ice  before  the  upper  geologic  units  were 
deposited.  Thin,  discontinuous  layers  of  till,  however, 
were  deposited  against  the  bedrock  hillside  during  glacia- 
tion. The  bedrock  protrudes  through  the  overlying  cover 
above  springs  C  and  D,  in  several  locations  above  spring 
A,  and  in  the  stream  channel  50  feet  above  WC-1  (fig.  2). 
No  weathered  residum  is  found  on  these  surfaces.  Where 
the  bedrock  is  less  exposed,  a  brown-stained  sandy  layer 
of  varying  thickness  covers  the  granulite.  This  sandy 
matrix  contains  irregular  rock  fragments  ranging  in  diam- 
eter from  Vi  inch  to  1  foot.  Newell,  who  has  described 
the  mechanisms  involved  in  the  weathering  of  the  Waits 
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River  formation,  attributes  this  primary  breakup  of  the 
rock  to  leaching  of  the  soluble  carbonates.^  The  areal 
extent  of  weathered  residuum  within  the  watershed  is 
not  known.  It  has  only  been  obsened  at  a  few  locations 
in  Happy  Valley.  The  bedrock  is  the  major  aquifer 
supplying  base  flow  to  the  stream.  The  joint  system  is 
the  dominant  control  of  the  bedrocks  hydrologic 
response  and  of  the  form  of  the  valley. 


Glacial  Till 

The  till  in  Happy  Valley  is  inconspicuous,  occurring 
in  thin,  discontinuous  sheets  (generally  less  than  4  feet 
thick)  over  the  irregular  surface  of  the  bedrock.  Because 
it  is  derived  from  Waits  River  rock,  the  till  is  often 
difficult  to  differentiate  from  weathered  bedrock, 
especially  where  the  fine  material  has  not  been  washed 
out  of  the  residuum.  Over  some  parts  of  the  east-facing 
walls  of  the  valley,  however,  the  soil  developed  on  till  is 
grayish  silt  loam,  much  denser  than  the  sandy  loams 
covering  most  of  the  basin.  It  is  then  difficult  to 
distinguish  from  soil  developed  on  the  var\ed  deposit. 
Late  in  a  storm,  the  lower  parts  of  the  slopes  covered  by 
till  are  wetter  than  the  sandy  slopes  in  the  basin,  and 
water  runs  along  a  pathway  that  intersects  the  till  at  the 
base  of  the  slope.  Till  also  occurs  in  the  valley  bottom 
and  underlies  most  of  the  stream  channel. 


Varved  Silts  and  Very  Fine  Sands 

A  lake  deposit  of  about  40  feet  of  var\'ed  silts  and 
very  find  sands  overlies  the  bedrock  and  thin  patches  of 
till  at  approximately  645  to  685  feet  above  mean  sea 
level.  Dissection  has  removed  the  bulk  of  this  deposit, 
but  it  still  underlies  a  large  portion  of  the  watershed. 

On  the  trenched  hillside  at  the  northern  end  of  the 
watershed  (fig.  5),  the  vaned  deposits  occur  at  depths 
ranging  from  1  to  3  feet.  Mass  movement  has  trans- 
ported sandy  material  from  higher  elevations  over  the 
varved  deposits.  The  lower  boundary  is  difficult  to 
define,  as  the  varves  become  less  distinct  and  grade  into 
disturbed  till.  The  upper  boundar)'  is  also  difficult  to 
define  in  many  places  because  of  distortion  and  mixing 
of  the  varves  by  mass  movement,  and  because  a  weak 
podzolized  B-horizon  has  developed  at  the  base  of  the 
overlying  sandy    material.   On   the   side   of  the   valley 


opposite  the  trenched  hillside,  the  area  draining  to  Seep 
B  is  also  underlain  by  this  varved  lake  deposit. 

The  silty  layers  of  the  deposit  are  dark,  grayish 
brown,  and  the  sandy  layers  are  generally  lighter  brown. 
Mottling  throughout  the  deposit  is  faint  in  the  upper 
parts,  but  quite  strong  at  the  base  of  the  trenched  slope 
and  in  the  area  draining  to  Seep  B.  Table  1  lists  the 
ranges  and  means  of  some  physical  properties  of  3-inch 
core  samples  taken  from  three  pits  dug  into  this  deposit. 
(The  saturated  conductivities  are  only  indices  for 
comparison  with  the  overlying  sandy  soils,  because 
laboratory  measurements  are  not  generally  directly  ap- 
phcable  in  the  field.) 


TaWe  1.— Summary  of  the  hydrologic  properties 
of  the  varved  lake  formation 


Property 

Range 

Mean 

Saturated  conductivity  (in./hr.) 
Bulk  density  (g./cc.) 
Total  porosity  (percent) 

7.29-  0.53 
1.47-  1.07 
59.6  -44.5 

3.48 
1.23 
53.6 

This  deposit  is  an  important  control  of  runoff 
production  on  the  watershed.  The  denser,  silty  deposit 
acts  as  an  impeding  layer  under  certain  circumstances 
and  produces  significant  quantities  of  stormflow. 

Sands 

A  layer  of  sand  about  20  feet  thick  lies  over  the  silty 
lake  deposit.  The  character  of  its  bedding  and  its  particle 
size  vary,  but  generally  it  grades  from  fine  sand  at  the 
base  to  coarse  sand  at  the  top.  It  forms  the  upper 
member  of  the  glaciolacustrine  deposit,  reaching  to 
about  705  feet  above  mean  sea  level. 

Table  2  summarizes  certain  hydrologic  properties  of 
this  sand  formation.  Again  the  values  of  conductivity 
should  only  be  used  as  relative  values  for  comparison 
with  those  for  the  silty  varved  formation  in  table  1. 

Table  2.— Summary  of  the  hydrologic  properties 
of  the  upper  sandy  formation 


Property 

Range 

Mean 

Saturated  conductivity  (in./hr.) 
Bulk  density'  (g./cc.) 
Total  porosity  (percent) 

18.20-  6.76 
1.19-  0.91 
6.5.7  -54.0 

9.6 
1.12 

57.5 

Newell,  W.L.  1968.  Some  factors  influencing  the  grain  of 
the  topography  along  the  Willoughby  Arch  in  Northeastern 
Vermont.  Unpublished. 


SOILS 

Soil  distribution  closely  rclfects  the  pattern  of  dis- 
section and  consequent  exposure  of  the  various  parent 
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materials  (fig.  6).  The  steep  side  slopes  generally  have 
deep,  permeable  soils  (more  than  4  feet  deep)  developed 
on  glaciolacustrine  parent  materials.  The  Woodstock 
rocky,  fine  sandy  loam  is  an  exception  because  it  is 
shallow  and  bedrock  knobs  can  be  seen  at  the  surface. 
The  Buxton  silt  loam  varies  from  moderately  well 
drained  where  it  extends  up  side  slopes  to  ver)  poorl) 
drained  near  the  stream. 

Two  types  of  soil  cover  the  trenched  slope  at  the 
northern  end  of  the  watershed.  The  eastern  third  of  the 
slope  is  Colebrook  fine  sandy  loam,  which  here  has  the 
characteristics  of  a  Brown  Forest  Soil.  The  soil  is  deep 
and  gradually  becomes  more  dense  as  depth  increases. 
The  upper  1  or  2  feet  of  the  soil  profile  has  a  loose, 
friable  structure  with  many  grass  roots  and  worm  holes. 


Although  the  density,  structure,  color,  and  root  penetra- 
tion change  with  de{)th,  no  horizon  can  be  characterized 
as  a  strong  impeding  layer  or  fragipan.  The  friable,  .sandy 
A-horizon  is  from  1  foot  to  3  feet  deep  and  grades  from 
a  denser  grayish,  sandy  loam  B-horizon  to  a  brown 
mottled  silt  loam.  A  silty,  clay  loam  on  whicli  the  trench 
was  founded  lies  below  the  silt  loam  at  a  (lei)th  of  .5  to  6 
feet.  Root  holes  and  worm  holes  penetrate  the  full  depth 
of  the  profile,  but  are  less  frequent  below  2  feet. 

The  western  two-thirds  of  this  slope  is  covered  by 
well-drained  Brown  Podzolic  Agawam  and  (iroveton 
soils.  A  friable,  brown,  sandy  A-horizon,  from  1  foot  to 
3  feet  deep,  lies  over  a  denser  silty  B-horizon.  The 
B-horizon  is  a  combination  of  an  alluvial  horizon  and  the 
denser  silt  loam  of  the  varved  lake  formation.  Podzolic 


HAPPY   VALLtV 
WATCTSHED 


Figure  6.— Distribution  of  soils  on  the  Happy  Valley  Watershed. 
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features  an*  poorly  developed,  especially  in  the  upper 
sajidy  formation.  Root  holes  and  worm  holes  are  less 
fre(]uent  below  the  A-horizon,  but  both  can  still  be 
found  to  depths  of  at  least  7  feel. 

Buxton  silt  loam  covers  the  study  area  draining  to 
Seep  B.  This  soil  consists  of  a  thin  (3-  to  12-inch),  friable 
A-horizon  with  a  loose  crumb  structure  and  abundant 
grass  roots.  Below  this  is  a  sharp  change  to  a  dense  gray, 
mottled  silt  loam  developed  in  the  virtually  undisturbed 
varved  lake  formation.  In  the  central  depression  of  Seep 
B,  this  formation  has  been  stripped  away,  exposing  the 
till.  The  till  forms  a  soil  similar  to  that  on  the  lake 
deposit,  but  includes  small,  sandy  lenses  that  cause  a 
higher  conductivity  than  that  of  the  varved  formation. 

VEGETATION 

Almost  all  of  the  watershed  below  the  railway  line  is 
covered  with  a  thin  crop  of  June  grass,  which  is  patchy 
on  the  steeper  slopes.  Other  grasses  grow  in  the  wetter 
areas,  such  as  the  lower  central  part  of  the  trenched 
slope,  or  in  the  drainage  area  of  Seep  B.  Trees  grow  only 
along  the  lower  200  feet  of  the  channel  and  on  the  short 
slope  that  bounds  the  watershed  on  the  east.  Elm  and 
birch  are  mixed  with  spruce  aiid  white  pine.  A  few 
young  pine  and  spruce  saplings  at  the  extreme  lower 
eastern  corner  are  the  only  trees  on  the  experimental 
plot.  .  , 


INSTRUMENTATION 
RUNOFF 

Runoff  from  the  plots  of  the  trenched  slope  was 
measured  by  an  interceptor  trench  in  which  drains  were 
installed  to  monitor  the  contributions  from  various  soil 
depths.  Preliminary  borings  along  the  base  of  the  hillside 
showed  a  dense  clayey  layer  at  the  base  of  the  straight 
and  concave  portions  at  depths  of  5  to  8  feet,  and 
bedrock  under  the  base  of  the  convex  slope  at  a  depth  of 
about  5  feet.  The  number  of  roots  and  the  proportion  of 
sand  decreased  drastically  and  the  density  of  the  soil 
increased  18  to  24  inches  below  the  surface.  Color  also 
changed  abruptly  from  brown  to  gray. 

Figure  7  shows  a  cross  section  of  the  27.5-foot-long 
trench  dug  along  the  base  of  the  hillslope  to  intercept 
flow  (fig.  3).  The  trench  was  30  inches  wide  and  5  to  9 
feet  deep.  The  depth  was  varied  so  that  the  bottom 
would  lie  within  the  dense  sticky,  clayey  layer 
mentioned  previously;  however,  the  bottom  of  the 
trench  sloped  continuously  down  toward  the  east. 
Bedrock  limited  the  depth  of  the  western-most  75  feet 


of  the  trench.  Sections  25  feet  long  at  each  end  of  the 
trench  were  used  as  buffer  zones  to  prevent  "edge 
effects"  that  might  be  produced  by  improving  the 
drainage  on  one  section  of  hillside  over  that  on  the 
neighboring  area.  Between  these  buffer  zones,  the  trench 
was  divided  into  three  sections.  A  125-foot  section 
drained  the  0.13-acre  convex  portion  of  the  hillside;  a 
50-foot  section  drained  the  0.3-acre  concavity:  and  a 
50-foot  section  drained  the  0.l6-acre  straight  slope  (fig. 
3). 

The  downhill  (southern)  wall  of  the  trench  was 
smoothed  carefully  with  an  ice  chisel,  and  protruding 
roots  were  cut  off.  Any  large  holes  in  the  profile  were 
filled  by  pressing  wet  masses  of  clay  from  the  lower  part 
of  the  excavation  into  the  face.  A  10-foot-wide  sheet  of 
6-mil  black  polyethylene  was  laid  across  the  floor  of  the 
trench  and  up  the  back  wall  to  provide  the  impenious 
barrier  that  cut  off  flow  down  the  hill.  Sandy  topsoil 
was  spread  over  the  polyethylene  on  the  bottom  of  the 
trench  and  a  perforated  bituminous-fiber  pipe  4  inches 
in  diameter  was  laid  to  carry  water  draining  from  the 
varved  lake  deposit  (fig.  7)  along  the  base  of  the  slope  to 
the  east.  At  the  eastern  end  of  each  trench  section,  the 
tile  was  elbowed  out  through  the  downhill  wall  of  the 
trench  into  a  gage  house  where  flow  was  determined 
from  continuous  records  of  stage  on  calibrated  weir 
slots.  The  hole  in  the  polyethylene  back  wall,  through 
which  the  pipe  passed,  was  sealed  with  plastic  tape  and 
roofing  compound,  and  a  plastic  barrier  was  made  across 
the  trench  to  prevent  flow  from  moving  along  the  trench 
past  a  particular  gage  house.  No  other  physical  device 
separated  the  three  plots.  The  plastic  sheet  was  carefully 
inspected  for  holes,  and  any  found  were  sealed.  Straw 
was  then  placed  around  the  installed  tile  drain  and  the 
trench  was  carefully  backfilled  with  soil. 

When  this  lower  portion  of  the  trench  had  been 
installed,  a  second  trench  was  dug  immediately  upslope 
from  the  first  (fig.  7).  This  trench  was  18  to  24  inches 
deep  and  extended  about  3  inches  into  the  denser  layer 
at  the  base  of  the  root  zone.  After  the  floor  of  this 
excavation  had  been  smoothed,  a  10-foot-wide  sheet  of 
polyethylene  was  laid  along  the  bottom  of  this  trench 
and  over  the  fill  in  the  deeper  trench.  A  little  soil  was 
spread  along  the  trench,  and  another  4-inch  perforated 
tile  was  laid.  As  in  the  lower  trench,  the  sections  were 
isolated,  and  the  tile  was  elbowed  through  the  polyeth- 
ylene sheet  and  connected  to  the  appropriate  gage 
house.  This  shallower  trench  was  then  backfilled. 

Building  a  channel  to  intercept  overland  flow  was  the 
third  phase  of  construction.  A  series  of  short  stakes  were 
driven  into  the  soil  along  the  slope  and  sections  of  board 
were  nailed  to  them  so  that  the  boards  would  stand 
approximately  perpendicular  to  the  slope  (fig.  7).  One 
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Figure  7.— Cross-sectional  diagram  of  the  interceptor  trench. 


edge  of  a  sheet  of  black  polyethylene  was  fastened  to 
this  backboard,  and  the  sheet  was  spread  down  the 
board  and  uphill  along  the  ground.  A  short  slit  was  made 
in  the  soil  surface  just  underneath  the  sod  (about  ¥2  inch 
into  the  soil).  The  other  edge  of  the  polyethylene  sheet 
was  tucked  into  this  slit.  Finally,  the  base  of  the 
polyethylene  channel  was  covered  with  roofing  com- 
pound to  keep  it  smooth.  At  the  eastern  end  of  each 
plot,  a  hole  was  cut  in  the  backboard  to  allow  water  to 
flow  from  the  surface  channel  through  a  pipe  6  inches  in 
diameter  into  the^gage  house.  A  roof  was  built  over  the 
whole  interceptor  installation  to  prevent  direct  entrance 
of  precipitation. 


Each  plot  was  numbered  in  order  from  w^oi  10  east, 
and  in  each  plot  the  channel  and  tiles  were  numbered 
from  the  surface  downward.  Thus,  each  collector  was 
designated  by  two  immbers.  The  system  is  summarized 
in  table  3. 

The  discharge  from  Seep  B  was  measured 
continuously  at  a  45  sharp-crested  V-notch  weir 
through  the  summer  of  1968.  In  the  summer  of  1967, 
the  seep  was  intercepted  by  a  stone  drain  and  gaged 
volumetrically  during  storms.  In  the  stream  channel, 
flow  was  gaged  continuously  at  four  modified  Il-flumes 
(WC-1,  WC-2,  WC-3,  and  WC-4  in  figure  2). 
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Table  3.— Numbering  system  used  to  refer  to  the  flow 
collectors  at  the  base  of  the  trenched  hillside 


Level  of 

Slope  form 

collector 

Convex 

Concave 

Straight 

Surface 

Base  of  root  zone 

Phreatie  zone 

1-1 
1-2 
1-3 

2-1 

2-2 
2-3 

3-1 
3-2 
3-3 

WATER  TABLE  ELEVATIONS 

Groundwater  elevations  were  measured  with  3/4-inch 
perforated  pipes  at  12  locations  on  the  trenched  slope, 
and  at  16  locations  in  Seep  B.  Readings  were  taken 
weekly  throughout  the  year,  daily  during  snowmelt, 
several  times  during  a  storm,  and  every  few  minutes 
during  irrigation. 


PRECIPITATION 

During  the  winter  of  1966-67,  snow  was  measured  at 
two  snow  courses  on  the  trenched  slope— one  at  the 
eastern  end  of  the  plots  and  one  at  the  western  end. 
Depth  and  water  content  of  the  snow  were  measured 
once  a  week  and  after  melt  events.  In  the  winter  of 
1967-68,  the  same  two  snow  courses  were  used  and  35 
stakes  originally  installed  to  support  irrigation  equip- 
ment were  marked  at  1-inch  intenals  and  used  to  ohtain 
a  more  complete  picture  of  the  depth  of  snow  over  the 
whole  slope.  In  the  main  spring  melt  period,  photographs 
of  the  snow  cover  on  the  slope  were  taken  each  day  so 
that  maps  could  be  made  of  snow  cover  depletion. 

During  the  rest  of  the  year,  rainfall  was  measured 
\vith  a  recording  8-inch  rain  gage  fitted  with  a  24-hour 
clock.  Artificial  rainstorms  were  produced  on  the  three 
areas  studied  intensively.  During  these  storms,  "rainfall'" 
was  measured  by  a  dense  network  of  4-inch-diameter 
cans  fitted  with  wire  screens  to  prevent  splashing. 


OTHER  METEOROLOGICAL  OBSERVATIONS 


FIEZOMETRIC  HEAD 

Soil-wdter  pressure  was  measured  with  3/4-inch- 
diameter  piezometers  at  five  locations  on  the  trenched 
slope  (stations  1,  2,  4,  7,  and  8  in  figure  3).  (These 
piezometers  are  sometimes  referred  to  as  PT-1,  PT-2, 
etc.,  in  the  following  text.)  Four  piezometers  at  depths 
of  10,  8,  6,  and  4  feet  were  located  at  each  station.  A 
piezometer  also  was  placed  at  a  depth  of  2  feet  at  sta- 
tions 1  and  2.  In  Seep  B,  piezometric  head  was  measured 
at  depths  of  2  and  4  feet  at  each  of  the  16  locations  (A 
to  P)  shown  in  figure  4.  The  piezometric  readings  were 
taken  at  the  same  time  as  the  water  table  measurements. 


RUNOFF  PRODUCTION  DURING 
SNOWMELT,  1967 

In  the  spring  of  1967  the  generation  of  snowmelt 
runoff  was  studied  on  the  trenched  slope.  The  period  of 
snowmelt  lasted  from  March  23  until  March  31.  The 
weather  was  warm  and  sunny.  Clouds  were  rare  and  high 
insolation  rates  were  recorded.  Only  0.25  inch  of  rain 
fell  during  the  melt. 


Temperature  and  humidity  were  measured  con- 
tinuously at  the  experimental  site.  Data  on  short-wave 
radiation  were  obtained  from  a  station  4.5  miles  north- 
west of  Happy  Valley. 


SOIL  MOISTURE 

A  nuclear  depth  probe  was  used  to  measure  the  soil 
moisture  to  a  depth  of  7  feet  at  nine  locations  on  the 
trenched  slope.  Three  access  tubes  (numbered  1  to  9  in 
figure  3)  were  located  in  each  plot— one  at  the  base  of 
the  slope,  one  half  way  up  the  slope,  and  one  three- 
quarters  of  the  way  up  the  slope.  (The  access  tubes  are 
sometimes  referred  to  as  AT-1,  AT-2,  etc.,  in  the  follow- 
ing text.)  Readings  were  taken  weekly  throughout  the 
year,  daily  during  snowmelt,  before  and  after  rainstorms, 
and  several  times  during  and  after  irrigations. 


ANTECEDENT  CONDITIONS 

During  the  3  months  before  the  snowmelt,  4.34 
inches  of  precipitation  were  measured  at  a  gage  400 
yards  northwest  of  the  plots.  Snow  course  data  collected 
on  the  slope,  however,  showed  that  drifting,  melting, 
and  evaporation  modified  this  amount.  At  least  4.6 
inches  of  water  were  deposited  as  snow  on  the  eastern 
end  of  the  plots,  of  which  2.09  inches  were  removed  by 
the  various  processes  of  ablation.  Drifting  was  severe  on 
the  western  end  of  the  site,  and  at  least  6.8  inches  of 
water  were  deposited  as  snow.  Half  of  this  amount,  how- 
ever, was  removed  before  the  main  snowmelt  began. 

Varying  deposition  and  ablation  make  it  difficult  to 
estimate  the  total  water  content  of  the  snow  cover. 
Random  measurements  of  snow  depth  and  density  1  day 
before  the  snowmelt  began  showed  that  the  averages  of 
depth  and  density  from  the  western  snow  course  would 
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give  a  good  estimate  of  the  snow  covering  plot  No.  1. 
Similarly,  the  cover  on  plot  No.  3  was  well  represented 
by  the  eastern  snow  course.  Averages  of  data  from  the 
two  snow  courses  approximated  the  depth  and  density 
of  the  snow  cover  on  plot  No.  2,  except  for  an  area  10 
feet  square  at  the  upper  end  of  the  concavity  where  a 
drift  up  to  34  inches  deep  stored  up  to  10  inches  of 
water.  Table  4  lists  averages  of  depth,  density,  and  water 
equivalent  of  the  snow  pack  at  the  beginning  of  the 
snowmelt. 


During  the  preceding  winter  months,  several  short 
periods  of  melting  had  occurred,  but  had  not  produced 
any  significant  runoff  from  the  slope.  However,  the  melt 
water  was  extremely  important  for  the  hydrology  of  the 
hillside  during  the  main  period  of  melting  several  weeks 
later. 

Percolation  of  melt  water  during  the  winter  melts  had 
two  important  consequences.  First,  melting  and  re- 
crystallization  of  the  fine-grained  snow  made  it  coarse 
and  granular.  This  altered  the  moisture-tension  relation 


TaWe  4.— Average  snow  depth,  density,  and  water  equivalent  for  the 
three  plots  on  the  trenched  slope  on  March  22,  1 967 


Plot  No. 

Average  depth 

Average  density 

Average  water  equivalent 

1 
2 

3 

Inches 
8.0 
7.8 
7.6 

G./cc. 
0.41 
0.37 
0.33 

Inches 
3.27 
2.89 
2.51 

of  the  snow  {12),  which  controls  the  retention  and  trans- 
mission properties  of  the  snow  pack.  Second,  some  of 
the  melt  water  percolated  to  the  ground  and  refroze  at 
the  soil  surface  and  within  the  upper  foot  of  soil, 
producing  a  discontinuous  ice  layer  at  the  soil  surface 
and  several  inches  of  "concrete  frost"  (37)  within  the 
upper  soil  horizon.  On  the  second  day  of  the  main  melt 
period  (March  24),  frost  conditions  were  surveyed  in  five 
pits  at  the  eastern  end  of  the  site.  Frost  depths  ranged 
from  0.2  foot  to  0.83  foot.  An  ice  layer  was  present  at 
the  soil  surface  in  three  of  the  pits.  The  soil  was  not 
completely  impervious— in  two  pits  worm  holes  from 
which  water  was  issuing  were  found.  The  soil  was  not 
frozen  beneath  the  34-inch-deep  drift  at  the  upper  end 
of  plot  No.  2.  In  a  pit  at  the  top  of  the  slope,  where 
snow  cover  had  either  been  absent  or  less  than  9  inches 
for  most  of  the  winter,  frost  had  penetrated  to  a  depth 
of  0.83  foot.  However,  when  the  pit  was  opened  below 
0.67  foot,  water  that  had  run  into  the  hole  during  the 
few  minutes  of  digging  suddenly  drained  out.  It  was  not 
possible  to  estimate  how  much  water  was  trapped  as  ice 
in  the  A-horizon  of  the  soil.  Soil  moisture  measurements 
throughout  the  winter  showed  large  increases  in  the 
moisture  content  of  the  upper  foot  of  the  soil,  but  much 
of  this  apparent  increase  was  probably  caused  by 
measurement  of  some  of  the  water  in  the  snowpack. 

Measurements  of  piezometric  head  on  the  slope 
before  the  melt  began  indicated  that  apart  from  the 
upper  foot  of  soil,  the  profile  was  drier  than  at  any  other 
time  except  late  summer.  The  water  table  lay  9  feet 
belTTwthe  surface  of  the  ground  at  location  4  in  plot  No. 
1  (fig.  3),  4  to  5  feet  below  the  surface  of  the  concavity 


in  plot  No.  2,  and  7  to  8  feet  below  ground  surface  in 
plot  No.  3.  Discharge  from  the  lower  tiles  in  each  plot 
had  declined  steadily  throughout  the  winter.  At  mid- 
night on  March  22,  the  discharges  of  the  three  lower  tiles 
were  0.003  g.p.m.  from  tile  No.  1—3,  0.034  g.p.m.  from 
tile  No.  2-3,  and  0.001  g.p.m.  from  tile  No.  3-3.  The 
other  tiles  draining  the  slope  had  no  flow  before  the 
melt. 

PATTERNS  OF  RADIATION  AND 
AIR  TEMPERATURE 

Incoming  shortwave  radiation  was  used  rather  than 
net  radiation  to  measure  insolation  because  it  is  difficult 
to  transfer  reflected  radiation  measurements  from  one 
place  to  another  during  snowmelt.  The  albedo  of  two 
snow-covered  areas  may  change  at  different  rates  as  the 
snow  thins  and  breaks  up.  It  was  possible,  however,  to 
estimate  the  albedo  of  the  snow  surface  during  the  first 
3  days  of  the  melt,  when  a  complete  cover  was  present 
at  the  radiometer  site.  The  albedo  of  the  snow  cover  on 
the  flat  surface  at  the  observation  point  decreased  from 
nearly  100  percent  when  the  sun's  angle  was  low,  to 
much  smaller  percentages  as  the  sun  rose  to  its 
maximum  elevation  of  45  .  At  midday  the  albedo  also 
varied  inversely  with  the  intensity  of  insolation.  We  do 
not  know  how  much  of  the  albedo  reduction  was  caused 
by  thinning  of  the  snow  and  absorption  of  radiation  by 
the  ground  surface.  Table  5  shows  the  average  rate  of 
incoming  shortwave  radiation  and  the  albedo  for  the 
hour  of  maximum  insolation  on  the  first  3  days  of  the 
snowmelt  period. 
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Table  5.— Incoming  shortwave  radiation  and  albedo  for  the  hour 
of  maximum  insolation  on  the  first  3  days  of  snowmelt 
at  station  R-1 2,  Sleepers  River  Watershed 


Date 

Maximum  hourly  incoming 
shortwave  radiation 

Albedo 

Mar.  23,  1967 
Mar.  24.  1967 
Mar.  25.  1967 

Langleys/hr. 
49.5 
58.7 
66.7 

Percent 
61 
54 

47 

The  steepness  and  southerly  aspect  of  the  trenched 
slope  increased  the  intensity  of  incoming  shortwave 
radiation.  The  elevation  of  the  sun  with  respect  to  the 


slope  at  midday  during  snowmelt  ranged  from  61     to 
86°. 

Figure  8  shows  the  relation  between  the  patterns  of 
air  temperature  and  incoming  shortwave  radiation.  The 
sun  rose  at  approximately  0545  hr.  and  set  at  1815  hr.^ 
Air  temperature  and  insolation  rates  began  to  increase 
sharply  as  the  sun  rose.  Air  temperatures  reached  above 
32°  F.  between  0730  hr.  and  0830  hr.,  and  usually 
remained  above  freezing  until  2000  hr.  Predawn 
minimum  temperatures  were  close  to  20  ,  except  after 
the  cloudy  nights  of  March  27  and  28.  Totals  of  in- 
coming shortwave  radiation  and  degree-hours  above  32 
are  given  in  table  6. 


Military  time  is  used  throughout  this  publication. 


No  2-1 


Runoff,  Temperature 

and 
Incoming    Radiation 
Plot  No2  (Concave) 
Snowmelt  Period, 1967 


No  2-2 


A 
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Figure  8.  — Air  temperature,  incoming  shortwave  radiation,  and  runoff  from  plot 
no.  2  during  the  snowmelt  period  of  March,  1967. 
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Table  6.— Daily  summaries  of  air  temperature,  incoming  shortwave  radiation,  and 
surface  flow  from  the  three  hillside  plots  during  snowmelt,  March  1967 


Percentage  of 

Date 

Degree- 

plot  area 

Outflow 

Peak 

Channel 

hours 

Radiation 

covered  by 

Total 

(area 

1  l.al\ 

(1967) 

above  32°  F. 

snow  at 
midday 

inches) 

discharge 

Langleys 

Gal. 

G.p.m. 

1-1 

3/23 

66.0 

381 

98 

48 

0.014 

0.35 

(convex 

3/24 

51.0 

468 

98 

281 

.081 

1.30 

plot) 

3/25 

79.0 

570 

94 

787 

.227 

3.55 

3/26 

187.5 

554 

89 

1,195 

.344 

4.65 

3/27 

153.0 

466 

71 

1,555 

.448 

5.05 

3/28 

98.5 

177 

59 

406 

.117 

0.85 

3/29 

126.0 

360 

46 

372 

.107 

1.60 

3/30 

104.0 

532 

406 

.117 

0.85 

3/31- 

4/2 

534.5 

1,275 

0 

419 

.121 

0.61 

Total 

1,399.5 

4.783 

5,469 

1.576 

2-1 

3/23 

66.0 

381 

88 

178 

0.024 

0,90 

(concave 

3/24 

51.0 

468 

75 

622 

.075 

3.40 

plot) 

3/25 

79.0 

570 

67 

2,000 

.242 

7.30 

3/26 

187.5 

554 

51 

2,467 

.299 

8.90 

3/27 

153.0 

466 

42 

2,744 

.333 

7.40 

3/28 

98.5 

177 

32 

1,344 

.163 

1.95 

3/29 

126.0 

360 

25 

1,155 

.140 

3.25 

3/30 

104.0 

532 

870 

.046 

0.75 

3/31- 

4/2 

534.5 

1,275 

1 

1,277 

.155 

2.15 

Total 

1,399.5 

4,783 

12,658 

1.537 



3-1 

3/23 

66.0 

381 

78 

15 

0.003 

0.10 

(straight 

3/24 

51.0 

468 

67 

269 

.049 

1.15 

plot) 

3/25 

79.0 

570 

63 

574 

.104 

2.25 

3/26 

187.5 

554 

44 

831 

.151 

2.45 

3/27 

153.0 

466 

31 

662 

.120 

1.75 

3/28 

98.5 

177 

29 

260 

.047 

0.40 

3/29 

126.0 

360 

26 

276 

.050 

1.15 

3/30 

104.0 

532 

251 

.046 

0.75 

3/31- 

4/2 

5.34.5 

1,275 

0 

578 

0.105 

0.61 

Total 

1,399.5 

4,783 

3,516 

0.675 

RUNOFF 

Runoff  From  the  Surface  Channels 

Surface  runoff  showed  a  strong  diurnal  fluctuation 
(fig.  8)  whose,  magnitude  correlated  roughly  with  the 
daily  pattern  of  air  temperature  and  incoming  shortwave 
radiation  (table  6).  Each  day,  runoff  from  the  surface 
channels  began  several  hours  after  melting  temperatures 
were  reached  (figs.  8,  9,  and  10).  The  lag  decreased  from 
4.5  hours  on  the  first  melt  day  to  2.5  hours  on  the  fifth. 
Each  night,  the  snowpack  drained  until  it  contained 
little  free  water.  Absorption  of  shortwave  radiation  and 


sensible  heat  after  sunrise  began  to  melt  snow  at  the 
surface  of  the  pack.  Some  of  the  meltwater  probably 
refroze  on  percolating  into  the  pack  because  the  upper 
few  inches  of  snow  cooled  considerably  each  night  when 
the  air  temperature  fell  to  about  20  F.  After  slow,  un- 
saturated percolation  through  the  granular  snow,  some 
water  reached  the  ground  surface.  Most  of  this  water 
flowed  downhill  as  surface  runoff  because  of  the  low 
infiltration  capacity  of  the  frozen  soil.  The  first  melt 
water  measured  in  channel  No.  2—1  must  have 
originated  nearby,  where  travel  time  along  the  ground 
would  be  small.  Therefore,  it  is  reasonable  to  conclude 
that    the   2.5-   to   4.5-hour   lag   between    the   onset  of 
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P'ignre  9. -Air  temperature,  incoming  shortwave  radiation,  and  mnoff  from  plot 
no.   1   during  the  snowmelt  period  of  March,  1967. 


meltinji  temperatures  and  the  first  response  of  runoff 
was  caused  largely  by  the  time  taken  for  meltwater  to 
reach  the  hase  of  the  snovvpack.  If  melting  began  before 
air  temperatures  exceeded  32°  F.  (possible  because  of 
the  absorption  of  shortwavi-  radiation),  this  lag  was  even 
longer. 

Several  characteristics  of  the  snowpack  controlled  the 
duration  of  the  time  lag.  As  the  snowmelt  progressed, 
changes  in  each  of  these  factors  tended  to  reduce  the 
delay.  At  the  beginning  of  the  first  melt  day  (March  23), 
the  snowpack  was  much  drier  than  on  succeeding 
mornings.  This  was  shown  by  simple  tests  devised  bv  the 
Li.  S.  Army  Corps  of  Kngineers  (53)  to  describe  the 
(juaiity  of  snow.  The  moisture  delicieiuv  had  to  be  filled 


before  water  could  percolate  through  the  pack.  On  suc- 
eeeding  mornings  this  deficiency  did  not  exist,  but 
presumably  melt  water  could  be  stored  in  the  pack  just 
as  water  can  be  temporarily  stored  in  a  soil  at  moisture 
levels  above  field  capacity  (33).  Another  development 
that  tended  to  reduce  lag  times  on  succeeding  days  was 
the  shrinkage  of  the  snowpack  itself.  Each  day  the  water 
had  less  distance  to  percolate  before  reaching  the  ground 
surface.  Because  the  moisture  tension  curve  of  granular 
snow  is  like  that  of  a  sand  (12),  the  moisture  gradient 
and,  therefore,  the  gradient  of  hydraulic  conductivity  is 
large  near  the  ground  surface.  As  the  snow  depth 
decreased,  the  average  hydraulic  conductivity  of  the 
pack  each  morning  increased,  which  had  an  effect  similar 
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Figure  10.  — Air  temperature,  incoming  shortwave  radiation,  and  runoff  from  plot  no.  3  during  the  : 

period  of  March,  ]  967. 


lo  that  of  a  decri^asc  in  the  depth  to  iho  water  tabh'  on 
the  responsiveness  ol  a  groundwater  body  during 
rainfall. 

Once  surface  runoff  began,  the  discharge  rate  in- 
creased rapidly  (fig.  8)  to  a  peak  at  the  time  of 
maximum  incoming  radiation.  Thereafter,  flow  rates 
declined  rapidly  even  though  air  temperatures  continued 
to  rise  for  2  to  3  hours.  By  the  time  air  temjxTatures  had 
fallen  back  to  32  F.  the  surface  of  the  snowpack  had 
begun  lo  freeze  again  and  runoff  rates  had  fallen  to  less 
than  1  g.p.m.  There  was  a  strong  h\steresis  in  the 
relationship  between  surface  runoff  and  air  temperature. 
For  example,  by  the  time  the  air  temperature  had 
reached  54  on  the  morning  of  March  26,  the  discharge 
rate  from  channel  No.  2—1  was  8.1  g.p.m.  In  the  after- 


noon, when  the  declining  air  temperature  was  again  54  , 
surface  runoff  was  contributing  only  2.75  g.p.m.  The 
surface  of  the  snow  was  beginning  to  reduce  its  intake  of 
energy  and  to  radiate  energy  back  to  the  atmosphere 
more  (juickly  than  the  air  cooled.  Surface  runoff  was 
extremely  sensitive  to  changes  of  insolation  rather  than 
to  air  temperature  fluctuations,  as  figures  8,  9,  and  10 
show. 

The  response  of  surface  runoff  to  short  term  fluc- 
tuations of  incoming  shortwave  radiation  also  demon- 
strated the  control  of  runoff  by  insolation  rather  than  by 
air  temperature.  On  both  March  27  and  March  29  (fig.  8) 
the  hydrographs  from  channel  No.  2—1  reacted  quickly 
to  changes  in  insolation  produced  by  the  passage  of  a 
few    scattered   clouds.   Figure    11    contains  an  enlarged 
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diagram  of  the  hydrograph  of  flow  from  channel  No. 
2—1  for  March  27,  and  also  presents  the  instantaneous 
pattern  of  incoming  shortwave  radiation.  Although  there 
are  numerous  rapid  fluctuations  in  the  insolation  graph, 
four  strong  peaks  can  be  associated  with  the  four  peaks 
of  the  hydrograph.  Each  hydrograph  peak  lagged  its 
respective  "pulse"  of  radiation  by  approximately  30 
minutes.  A  15-minute  moving  average  of  incoming 
radiation  (fig.  11)  filters  out  most  of  the  short  term 
fluctuations  and  produces  three  major  peaks,  which  in 
this  case  preceded  the  hydrograph  maxima  by  about  20 
minutes.  Air  temperatures  for  the  same  period  (fig.  11) 
did  not  show  the  same  rapid  fluctuations.  Snowmelt  and 
surface  runoff  under  the  conditions  of  the  study  were 
more  sensitive  to  changes  of  shortwave  radiation  than  to 
additions  of  sensible  heat  by  conduction  and  convection. 
The  general  shapes  of  the  daily  temperature  graphs,  how- 


ever, were  reflected  in  the  general  shape  and  size  of  the 
surface  runoff  hydrographs  (fig.  8). 

Slight  differences  in  the  timing  of  flows  from  the 
three  surface  channels  also  reflected  the  importance  of 
shortwave  radiation.  Flow  from  channel  No.  1  —  1  gen- 
erally began  to  increase  1.5  hours  before  that  from 
channel  No.  2—1,  which  in  turn  preceded  flow  from 
channel  No.  3—1  by  another  hour.  The  timing  of  peak 
flows  from  the  three  channels  followed  the  same 
pattern.  These  lags  seemed  to  be  caused  by  differences  in 
insolation  on  the  various  plots.  The  aspect  and  convex 
shape  of  plot  No.  1  caused  it  to  receive  its  maximum 
total  amount  of  radiation  in  the  late  morning  hours. 
Most  of  the  concave  slope  received  large  amounts  of 
insolation  in  the  late  morning  and  early  afternoon. 
Therefore,  flow  rates  from  plot  No.  2  began  and  ended 
their  rise  later  than  those  from  plot  No.  1.  The  straight 
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Figure    11.— Air   temperature,    incoming   shortwave   radiation,    and    runoff 
from  channel  no.  2-1  on  March  27,  1967. 
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slope  of  plot  No.  3  faces  due  south.  Its  lower  third  is 
shaded  by  trees  so  that  maximum  insolation  occurred  in 
the  middle  of  the  afternoon,  when  the  sun  was  shining 
from  the  south-southwest.  This  pattern  of  insolation  was 
reflected  in  the  pattern  of  surface  runoff  described 
earlier.  Figure  12  shows  the  pattern  of  the  depletion  of 
snow  cover  through  the  melt  period,  and  demonstrates 
the  influence  of  aspect  and  slope  on  snowmelt. 

Daily   totals  of  surface   flow  also  demonstrated  the 
close    relation   between   runoff  and   insolation.   Surface 


flow  became  more  sensitive  to  radiation  as  the  snowmelt 
proceeded.  Figure  13  shows  the  relationship  between 
total  daily  amounts  of  incoming  shortwave  radiation  and 
overland  flow  from  each  plot.  Arrows  on  the  curves 
indicate  the  progression  of  days.  Surface  runoff  gen- 
erally increased  as  radiation  increased  during  the  first  3 
days  of  the  snowmelt  period.  On  the  fourth  and  fifth 
days  the  amounts  of  runoff  increased,  although  less 
radiation  was  received.  Total  incoming  shortwave 
radiation  on  March  27  almost  equaled  that  received  on 
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Figure  12.— Distribution  of  snow  cover  on  the  hillside  plots  at  noon  each  day  during  the  melt  period  of  March,  1967. 
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Figure  13.— Relationship  between  daily  totals  of  incoming  shortwave  radiation  and  surface  runoff 
for  the  three  plots  on  the  trenched  hillside  during  snowmelt,  March,  1967. 


March  24.  Runoff  on  the  earlier  date,  however,  was  only 
18  to  40  percent  of  that  on  March  27,  even  though  the 
snow-covered  areas  of  the  plots  were  smaller  on  March 
27.  This  phenomenon  was  interpreted  as  being  caused  by 
the  same  factors  that  control  the  sensitivity  to  short- 
term  fluctuations  of  radiation— ripening  and  thinning  of 
the  snowpack.  The  effect  of  the  reduction  of  snow  cover 
on  runoff  during  these  first  5  days  was  presumably 
counteracted  by  the  increased  absorption  of  radiation 
on  the  areas  of  bare  ground.  Transfer  of  some  of  the 
heat  generated  there  to  the  snow-covered  area  would 
provide  an  important  source  of  energy  for  melting.  No 
simple  relationship  existed  between  total  daily  surface 
runoff  and  daily  totals  of  degree-hours  above  32    F. 


The  generation  of  surface  runoff  on  the  slope 
depended  on  the  presence  of  concrete  frost  in  the  top 
few  inches  of  soil.  As  the  snow  cover  was  removed  from 
the  slope,  important  changes  occurred  in  the  distribution 
of  concrete  frost.  The  exposed  soil  remained  frozen  for 
about  a  day  after  the  last  snow  had  melted  from  a 
particular  place.  Even  a  discontinuous  snow  cover  1  inch 
thick  could  shield  the  ground  sufficiently  to  keep  the 
soil  surface  frozen,  but  once  the  cover  was  removed,  the 
darker  ground  absorbed  large  amounts  of  solar  radiation. 
After  a  day  or  more,  the  concrete  frost  decayed  and  the 
infiltration  capacity  of  the  soil  increased  sufficiently  to 
absorb  any  melt  water  from  the  snowpack  further 
upslope.   Melt  water  on  the  upper  sides  of  these  bare 
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areas  was  traced  downslope  at  [the  rate  of]  a  few  inches 
to  1  foot  per  minute  until  it  was  absorbed  into  the  soil 
about  2  feet  down  slope  from  the  snow  boundary.  After 
the  bare  soil  downslope  from  the  remaining  snowpack 
had  thawed  sufficiently  to  allow  any  surface  melt  water 
to  percolate  deeply,  both  snow-covered  and  bare  slo[)es 
stopped  contributing  surface  runoff  to  the  channel  at 
the  base  of  the  slope,  and  contributed  only  to  the 
groundwater  discharge. 

Runoff  From  the  Root  Zone 

Runoff  production  in  the  root  zone  (the  top  18  to  24 
inches  of  the  soil  profile)  was  negligible  during  the  snow- 
melt  period.  Approximately  850  gallons  flowed  from  tile 
No.  1—2  (convex  slope)  and  60  gallons  flowed  from  tile 
No.  2—2  (concave  slope).  Plot  No.  3  yielded  no  flow 
from  this  zone.  (Figures  8  and  9  show  the  patterns  of 
discharge  from  tiles  1—2  and  2—2.)  While  a  snow  cover 
persisted,  the  pattern  of  flow  was  strongly  diurnal  and 
had  the  same  characteristics  of  rapid  rise  and  fall  as  the 
surface  flow,  but  the  timing  of  the  subsurface  flow  was 
highly  erratic  compared  with  that  of  the  surface  flow. 

The  water  measured  in  these  tiles  was  probably 
supplied  by  lateral  percolation  through  the  frozen 
topsoil.  Soil  moisture  profiles  measured  at  the  time  of 
flow  showed  that  only  the  upper  few  inches  of  the  A- 
horizon  were  saturated.  A  perched  water  table  did  not 
develop  at  the  base  of  the  root  zone  while  water  flowed 
from  the  intermediate  tiles.  Rates  of  snowmelt  did  not 
approach  those  of  flood-producing  rainfall.  Concrete 
frost  reduced  the  infiltration  capacity  of  the  soil  below 
even  these  low  rates  of  melting.  Under  these  conditions 
the  B-horizon  of  the  soil  could  transmit  the  water 
percolating  from  above. 

Runoff  From  the  Lower  Tiles 

The  pattern  of  discharge  from  the  lower  tiles  during 
snowmelt  consisted  of  a  series  of  hydrographs  associated 
with  each  day's  melt,  superimposed  on  a  general  rise  in 
discharge  rate  (fig.  8).  Each  groundwater  hydrograpb 
had  a  more  gradual  rise  and  recession  than  its  surface 
counterpart.  Peak  flow  rates  were  small  compared  with 
those  from  the  surface  channels.  Groundwater  peak  flow 
rates  from  the  concave  plot  (No.  2)  ranged  from  13 
percent  of  the  surface  peak  flow  rate  on  March  24  to  6 
percent  on  March  26.  Thereafter,  the  percentage  in- 
creased again  as  groundwater  discharge  continued  to  rise 
slowly,  while  surface  peak  flow  rates  declined  because  of 
depletion  of  the  snow  cover. 

Peak  flow  rates  in  the  lower  tiles  occurred  several 
hours  after  those  of  surface  runoff  (fig.  8).  This  time  lag 


decreased  through  the  course  of  the  snowmelt  period 
from  10.5  hours  on  March  24  to  7.5  hours  on  March  27. 
Because  the  beginning  of  the  rising  limb  of  the  ground- 
water hydrograpb  occurred  very  close  to  noon  on  most 
days,  it  became  steeper  each  day.  This  pattern  was  ap- 
parently produced  by  three  reinforcing  tendencies:  (1) 
melting  increased  in  intensity;  (2)  the  infiltration 
capacity  of  the  soil  increased  over  an  expanding  area; 
and  (3)  the  water  table  approached  the  ground  surface  as 
the  melt  progressed,  increasing  the  sensitivity  of  the 
groundwater  system  to  melting. 

Flow  from  tiles  1—3  and  3-3  followed  the  same 
general  pattern  as  that  from  the  concave  slope  (figs.  9 
and  10),  but  rates  were  always  less  than  those  from 
channel  No.  2—3.  The  hydrographs  from  the  tiles  on  , 
plots  1  and  3  were  less  regular  and  less  responsive  to 
snowmelt  than  those  from  tile  2—3.  Table  7  shows  the 
volumes  and  peak  rates  of  flow  from  each  of  the  three 
lower  tiles  during  snowmelt.  The  largest  daily  volumes 
and  rates  were  generally  measured  in  tile  No.  2—3 
(concave  slope).  However,  daily  totals  of  subsurface  flow 
expressed  in  area  inches  of  runoff  were  sometimes 
greater  from  plots  1  and  3,  particularly  late  in  the  snow- 
melt period.  This  suggests  that  the  subsurface  "water- 
shed" draining  to  tile  No.  2—3  was  smaller  than  the 
surface  drainage  area  of  the  concave  plot. 

RESULTS  FROM  PLOT  STUDIES 

Table  8  summarizes  the  disposition  of  melt  water 
from  the  snowpack  on  this  steep,  south-facing  slope.  The 
relatively  large  amounts  of  surface  runoff  resulted  from 
the  greatly  reduced  infiltration  capacity  of  the  soil 
caused  by  concrete  frost  in  the  top  2  to  9  inches.  Post 
and  Dreibelbis  (37)  characterized  this  type  of  soil  frost 
as  consisting  of  many  thin  ice  lenses  and  small  crystals, 
and  having  an  extremely  dense  structure.  Trimble  and 
others  (5/),  working  in  New  Hampshire,  reported  almost 
complete  impermeability  of  concrete  frost  in  ring  in- 
filtrometer  tests— a  result  confirmed  by  the  present 
study.  Although  abundant  water  was  available  for  in- 
filtration during  snowmelt,  an  average  of  only  1.72 
inches  of  water  infiltrated  during  the  274  hours  in  which 
free  water  was  known  to  be  draining  from  the  snowpack 
between  March  23  and  April  2.  For  the  first  several  days 
of  snowmelt,  water  that  melted  from  the  thin  snow 
cover  on  the  flat,  upper  portion  of  plot  3  stood  in  pools 
on  the  soil  surface.  The  soil  there  is  very  coarse  sand 
with  a  saturated  conductivity  of  about  18  inches  per 
hour  when  frost  free.  The  impermeability  of  the  soil 
surface  on  the  sloping  area  was  probably  also  re- 
inforced by  a  1/4-  to  1/2-inch  layer  of  ice  over  most  of 
the  slope. 
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Table  7.— Daily  summaries  of  air  temperature,  incoming  shortwave  radiation,  and  flow  from  the 
lower  tiles  on  the  three  hillside  plots  during  snowmelt,  March  1967 


Percentage  of 

Channel 

Date 
(1967) 

Degree- 
hours 
above  32    F. 

Radiation 

plot  area 

covered  by 

snow  at 

midday 

Total 

Outnow 

(area 
inches) 

Peak 
discharge 

Langleys 

Gal. 

G.p.m. 

1-3 

3/23 

66.0 

381 

98 

4 

0.001 

0.003 

(convex 

3/24 

51.0 

468 

98 

11 

.003 

.010 

plot) 

3/25 

79.0 

570 

94 

20 

.006 

.021 

3/26 

187.5 

554 

89 

132 

.038 

.218 

3/27 

153.0 

466 

71 

291 

.084 

.443 

3/28 

98.5 

177 

59 

317 

.091 

.235 

3/29 

126.0 

360 

46 

258 

.074 

.198 

3/30 

104.0 

532 

358 

.103 

.256 

3/31 

197.0 

508 

0 

414 

.119 

.305 

Total 

1.066.0 

4,016 

1.805 

0.519 

2-3 

3/23 

66.0 

381 

88 

135 

0.016 

0.143 

(concave 

3/24 

.51.0 

468 

75 

322 

.039 

.443 

plot) 

3/25 

79.0 

570 

67 

596 

.072 

.493 

3/26 

187.5 

554 

51 

594 

.072 

.544 

3/27 

153.0 

466 

42 

604 

.073 

.493 

3/28 

98.5 

177 

32 

695 

.084 

.570 

3/29 

126.0 

360 

25 

706 

.086 

.520 

3/30 

104.0 

532 

626 

.076 

.450 

3/31 

197.0 

508 

0 

648 

.079 

.420 

Total 

1.066.0 

4,016 

4,692 

0.597 

3-3 

3/23 

66.0 

381 

78 

2 

0.001 

(straight 

3/24 

51.0 

468 

67 

6 

0.001 

.015 

plot) 

3/25 

79.0 

570 

63 

146 

.033 

.206 

3/26 

187.5 

554 

44 

331 

.075 

.349 

3/27 

1.53.0 

466 

31 

433 

.098 

.349 

3/28 

98.5 

177 

29 

456 

.103 

.349 

3/29 

126.0 

360 

26 

305 

.069 

.132 

3/30 

104.0 

532 

233 

.053 

.161 

3/31 

197.0 

508 

0 

207 

.047 

.143 

Total 

1,066.0 

4,016 

2,119 

0.479 

Table  8.— Disposition  of  melt  water  on  the  three  hillside  plots 
during  snowmelt,  March  1967 


Plot 

No. 

Total  initial 
water  content 
of  sno\\T3ack 

Surface 
runoff 

Runoff  from 
root  zone 

Runoff  from 
lower  tiles 

.Additions  to 
groundwater 
storage 

1 
2 
3 

Inches 
3.27 
2.89 
2.51 

Inches 
1.59 
1.54 
0.68 

Inches 
0.02 
0.01 
0 

Inches 
0.52 

.60 

.48 

Inches 
1.15 
0.74 
1.35 

Therefore,  the  distribution  of  concrete  frost  and  its 
pattern- x)f  melting  were  significant  in  controlling  the 
area  that  could  contribute  to  surface  runoff  or  to  sub- 
surface flow  at  any  time.  The  melting  pattern  of  this  ice 
was  controlled  mainly  by  topography  (fig.  12),  as  was 


the  pattern  of  snowmelt.  Much  of  the  area  of  the  convex 
plot  (No.  1)  was  close  to  the  channel  at  its  base. 
Although  the  snowpack  on  the  upper  part  of  the  plot 
was  isolated  from  the  channel  by  March  26,  the  larger 
part  of  the  snow-covered  area  was  close  to  the  channel 
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and  was  "connected'  to  the  channel  by  snow-covered, 
frozen  soil.  Therefore,  a  larger  portion  of  the  meltwater 
left  the  plot  as  surface  runoff  than  on  the  straight  plot 
(No.  3),  where  almost  half  the  hillside  could  not  supply 
runoff  to  the  surface  channel  after  the  third  day  of  the 
melt  period. 

The  flow  from  the  surface  channels,  the  root  zone, 
and  the  lower  tiles  have  different  characteristics.  Surface 
runoff  was  sensitive  to  rapidly  changing  radiation 
conditions.  It  produced  peak  flow  rates  10  times  those 
of  groundwater  discharge.  The  response  of  subsurface 
flow  to  changing  melt  conditions  was  heavily  damped  by 
the  storage  capability  and  transmission  characteristics  of 
the  soil.  Figure  14  shows  a  plot  of  the  combined  hy- 
drograph  of  runoff  from  the  concave  plot  (No.  2)  during 
snowmelt.  The  temporal  pattern  of  runoff  production 
was  dominated  by  the  generation  of  surface  runoff.  A 
comparison  of  such  a  hydrograph  with  concurrent 
stream  channel  hydrographs  from  the  Sleepers  River 
Watershed  demonstrates  that  this  production  of  overland 
flow  was  also  the  dominant  control  of  the  diurnal 
fluctuation  of  streamflow.  The  generally  low  magnitude 
and  slow  response  of  groundwater  flow  suggests  that  this 
source  of  runoff,  although  probably  responsible  for 
much  of  the  general  rise  of  the  channel  hydrograph 
during  snowmelt,  was  not  responsible  for  the  large 
diurnal  fluctuations  that  were  superimposed  on  this  rise. 


STORMFLOW  PRODUCTION  DURING 

NATURAL  STORMS 

From  April  1,  1967,  to  July  31,  1968,  18  rainstorms 
with  a  magnitude  greater  than  0.5  inch  were  recorded  at 
the  experimental  site.  Table  9  lists  the  numbers  of  these 
rainstorms  according  to  magnitude  and  season  of  oc- 
currence. The  fact  that  two  of  the  storms  occurred 
within  a  few  hours  after  artificial  rainstorms  had  a 
profound  effect  on  the  response  of  the  trenched  slope. 
(These  two  rains  are  described  separately  after  the 
description  of  the  artificial  storms.)  The  two  storms 
were  a  0.88-inch  rain  on  October  26,  1967,  and  a 
1.8.3-inch  rain  on  July  17,  1968.  The  other  rainstorms 
recorded  in  the  fall  occurred  when  the  moisture  level 
had  been  raised  by  irrigations  the  preceding  week.  In  the 
other  16  stonns,  the  maximum  5-minute  intensitv  was 
2.4  inches  per  hour,  and  the  maximum  30-minute 
intensity  (in  a  different  storm)  was  1.18  inches  per  hour. 
All  of  the  storms  discussed  here  have  a  return  period  of 
2  years  or  less. 

SUMMER  RAINSTORMS  ON  THE 
TRENCHED  SLOPE 

No  significant  amount  of  stormflow  was  produced  on 
the  trenched  slope  during  the  12  natural  summer  storms. 


Table  9.— Season  of  occurrence  and  magnitude  of  rainstorms  recorded 
in  the  Happy  Valley  watershed,  April  1,  1967  to  July  31,  1%8 


Magnitude 

Number  of  rainstorms 

Summer 

Autumn 

Inches 
0.5-0.99 
1.0-1.49 
1.50  and  more 

11 
1 

1 

3 
2 
0 

No  overland  flow  was  observed  on  the  slope  because  the 
infiltration  capacity  of  the  soil  was  not  exceeded.  The 
tile  drains  at  the  base  of  the  root  zone  yielded  a  slow, 
erratic  trickle  of  water  after  rainstorms  in  April  and 
May.  The  amounts  of  flow  generated  in  the  root  zone, 
however,  were  insignificant.  Tiles  in  the  phreatic  zone 
did  not  respond  to  individual  rainstorms  in  this  period, 
but  groundwater  discharge  began  to  respond  after  a 
period  of  rainy  days.  The  maximum  flow  from  tile  No. 
2—3  in  the  summer  of  1967  wa.s  onl)  0.33  g.p.m. 

During  the  summer  of  1967,  the  water  from  most 
rainstorms  was  stored  in  the  upper  3  feet  of  soil  during  the 
storm,  and  percolated  slowly  downward  to  supply  the 
water    table  over   the   next   few   da\  s.   Throughout   the 


summer,  the  water  table  was  4  to  5  feet  below  the 
ground  surface  in  plot  No.  2  (concave),  and  9  feet  or 
more  below  the  surface  in  plots  1  and  3.  Figure  15 
shows  the  soil  moisture  changes  (A0)  measured  at  eight 
locations  on  the  trenched  slope  after  the  0.75-inch  storm 
on  July  12,  1967.  These  profiles  represent  changes  of 
soil  moisture  above  prestorm  values  at  various  times 
after  the  rain  ended.  The  soHd  lines  represent  the  added 
moisture  2  to  5  hours  after  the  end  of  rain,  and  the 
dashed  lines  represent  added  moisture  24  hours  after  the 
end.  The  areas  between  the  solid  and  the  dashed  lines 
indicate  the  amount  of  slow  drainage  out  of  the  un- 
saturated upper  soil  horizons.  The  decay  rates  of  the 
wedge  of  "excess  soil  moisture"  were  too  great  to  be 
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Figure  15.  — Amounts  of  moisture  added  to  various  levels  of  the  soil  by  a  0.75-inch  on  July  12,  1967. 


dominated  by  cvapotranspiration  losses.  Although  the 
soil  moisture  data  from  the  upper  horizons  of  the  profile 
are  erratie,  the  profiles  do  show  the  storage  of  water 
within  the  upper  3  feet  of  soil  during  the  immediate 
poststorm  period.  Table  10  lists  the  calculated  amount 
of  water  added  to  the  profile  at  each  of  the  eight 
stations.  These  amounts  vary  by  33  percent  on  each  side 
of  the  mean,  which  is  approximately  equal  to  the  rainfall 


total.  (This  seems  to  be  a  typical  magnitude  of  error  for 
the  method  used.)  That  rainwater  did  not  percolate  to  a 
depth  of  more  than  3  feel  in  the  hours  following  the 
storm  of  July  12  was  confirmed  by  the  lack  of  response 
of  piezometric  levels  and  of  flow  from  the  lower  tiles  at 
the  base  of  the  slope. 

Th<'  results  of  infiltration  studies  can  ex[)lain  the  lack 
of  runoff  from  the  soils  on  the  hillside.  Rubin  and  others 
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Table  10.— Calculated  amounts  of  moisture  added  to  the  soil  profile  at  eight  locations  on  the 
trenched  slope  during  the  0.75-inch  rain  of  July  12,  1967 


Location 

Calculated  addition  of  soil 
moisture  to  the  profile 

Inches 

AT-1 

0.66 

AT-2 

0.60 

AT-3 

0.76 

AT-4 

1.02 

AT-5 

1.04 

AT-6 

0.59 

AT-7 

0.56 

AT-9 

0.75 

'See  figure  3  for  locations. 
{40)  found  that  during  infiltration  a  "transmission  zone"" 
in  the  topsoil  increases  in  moisture  content  until  its  un- 
saturated conductivity  is  sufficient  to  allow  passage  of 
the  applied  water  under  steady-state  conditions.  The 
conductivity  is  increased  by  thickening  of  films  of  water 
around  soil  particles  and  filling  of  pores  of  increasing 
diameter.  Increased  duration  of  stonn  at  a  particular 
intensity  causes  only  vertical  extension  of  the  trans- 
mission zone.  Changes  of  rainfall  intensity  produce 
changes  in  the  moisture  content  of  the  transmission 
zone,  so  that  a  change  in  conductivity  can  accommodate 
the  increased  rate  of  input.  In  the  light  of  this  theory, 
the  field  data  suggest  that  the  moisture  content  and 
conductivity  of  the  sopsoil  was  so  low  that  all  of  the  rain 
that  fell  was  stored  to  increase  the  conductivity  of  the 
soil.  During  the  summer,  the  available  storage  capacity 
was  so  great  that  no  water  remained  to  be  transmitted  to 
the  water  table.  Even  during  autumn  storms,  when  the 
storage  capacity  was  smaller  than  in  summer,  only  a 
small  amount  of  water  (relative  to  total  rainfall)  was 
transmitted  to  the  water  table. 


LARGE  AUTUMN  RAINSTORMS  ON  THE 
TRENCHED  SLOPE 

In  early  October  1967,  the  soil  became  gradualK 
more  moist  and  the  water  table  was  closer  to  the  surface 
than  in  the  preceding  summer  months.  Therefore,  it  was 
easier  for  water  to  move  through  the  vadose  zone  to  the 
water  table,  displacing  water  to  produce  channel  runolf. 
This  tendency  was  accelerated  in  1967  by  additions  oi 
watiT  to  the  slope  during  testing  of  the  irrigation  system, 
and  during  the  artificial  rainstorms  produced  on  October 
."),  16,  and  25. 

In  spite  of  the  wet  antecedent  condition  of  the  hill- 
side, heavy  rains  on  October  10,  11,  and  18  produced 
liltb^  runoff.  Between  1900  hr.  on  October  10  and  0400 
hr.  on  (October  11,  1.35  inches  of  rain  fell  on  the  slope. 


The  maximum  30-minute  intensity  of  0.62  inch  per  hour 
began  at  2010  hr.  on  October  10.  The  water  table  at 
Well  D  was  2.1  feet  below  the  soil  surface  before  the 
storm,  and  rose  to  within  0.5  foot  of  the  surface  by  the 
end  of  the  storm.  Table  11  shows  the  amounts  of  rainfall 
and  resulting  stormflow  on  each  of  the  plots.  The  data 
demonstrate  that  even  with  abnormally  wet  antecedent 
soil  conditions,  heavy'  autumn  rains  produce  little  storm 
runoff,  which  lags  the  beginning  of  rainfall  b\  1  hour  or 
more.  During  the  same  10-hour  period  represented  by 
the  data  in  table  11,  2,820  gallons  of  stormflow  were 

Table  11.— Amounts  of  rainfall  and  stormflow,  and  the  time 
lags  between  the  beginning  of  rainfall  and  the 
initial  response  of  flow  from  each  of  the  tiles  on 
the  trenched  slope  during  the  1.35-inch  rainstorm 
of  October  10-11,  1967 


Stormflow 

Time  lag 

Amount 

Depth 

Gallons 

Inches 

Convex  hillside 

Rainfall  on  plot  No.  1 

4,700 

1.35 

Channel  No.  1-1 

13 

0.004 

36  min. 

Tile  No.  1-2 

21 

0.006 

3  hr.  24  min. 

Tile  No.  1-3 

230 

0.072 

1  hr.  20  min. 

Concave  hillside 

Rainfall  on  plot  No.  2 

11,000 

1.35 

Channel  No.  2-1 

60 

0.007 

54  min. 

Tile  No.  2-2 

114 

0.014 

3  hr.  15  min. 

Tile  No.  2-3 

98 

0.012 

2  hr.  22  min. 

Straight  hillside 

Rainfall  on  plot  No.  3 

5,080 

1.35 

Channel  No.  3-1 

0 

0 



Channel  No.  3-2 

0 

0 



Channel  No.  3-3 

13 

0.003 

4  hr.  20  min. 

Stonnflow  is  the  total  flow  minus  base  flow  for  the  10-hour 
period  from  1900  hr.,  October  10,  to  0500  hr.,  October  11. 

Time  lag  is  the  time  interval  between  the  beginning  of  rainfall 
and  the  first  increase  of  (he  flow  from  each  source. 
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(generated  between  weirs  WC— 1  and  WC— 2.  Most  of  this 
channel  runoff  originated  in  areas  where  the  water  table 
was  at  or  close  to  the  ground  surface  along  the  stream 
depression.  Saturated  areas  produced  overland  flow, 
while  the  banks  of  the  stream  depression  contributed 
subsurface   flow   displaced  by   infiltrating  water.  These 


sources  of  runoff  are  discussed  in  the  following  section 
on  channel  runoff. 

Another  characteristic  of  the  flow  from  this  slope 
during  a  storm  was  the  lack  of  sensitivity  of  subsurface 
runoff  to  changes  in  rainfall  intensity.  Figure  16  sum- 
marizes data  on  rainfall  intensity,  water  table  elevations, 
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Figure  16. -Rainfall  intensity,  changes  of  water-table  elevation,  and  runoff  from  weir  WC-2  and  tile  no.  2-3 
during  the  0.70-inch  rainstorm  of  October  18,  1967. 
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and  runoff  for  the  0.7-inch  storm  of  October  18,  1967. 
This  storm,  which  had  a  maximum  30-minute  intensity 
of  0.49  inch  per  hour,  occurred  on  extremely  wet  soil, 
produced  by  irrigations  and  by  heavy  rains  in  the 
preceding  2  weeks.  The  water  table  depths  at  wells,  C,  D, 
and  E  were  1.3  feet,  1.35  feet,  and  2.7  feet,  respectively. 
In  spite  of  the  proximity  of  the  water  table  to  the 
ground  surface,  the  water  table  began  to  respond  during 
the  first  hour  of  rainfall  only  at  well  D.  At  wells  C  and  E 
the  water  table  began  to  rise  after  2  hours  of  rain,  by 
which  time  the  channel  runoff  had  dechned  from  a 
maximum  at  the  end  of  the  period  of  most  intense  rain- 
fall. The  discharge  from  tile  No.  2—3  followed  the  same 
pattern  as  the  water  table  elevations.  It  began  to  increase 
after  channel  runoff  had  declined  and  did  not  show  the 
marked  sensitivity  to  changes  of  rainfall  intensity 
demonstrated  by  the  discharge  at  WC— 2.  In  this  storm 
only  113  gallons  of  stormflow  were  produced  on  the 
three  hillside  plots  before  midnight  (2  hours  after  the 
end  of  the  storm).  The  total  amount  of  rain  that  fell  on 
the  slope  was  11,340  gallons. 

During  the  autumn  of  1967,  moisture  levels  of  the  soil 
on  the  trenched  hillside  were  extremely  high  compared 
with  similar  soils  of  the  Sleepers  River  Watershed.  The 
water  table  stood  only  1  to  3  feet  below  the  ground 
surface,  and  the  topsoil  was  kept  moist  by  frequent 
natural  and  artificial  storms.  No  significant  amount  of 
stormflow  was  produced,  however.  The  infiltration 
capacity  of  the  soil  remained  higher  than  any  rainfall 
intensity  that  occurred.  Small  amounts  of  subsurface 
flow  were  produced  in  the  root  zone  and  in  the  deeper 
zone  of  perennial  groundwater  flow,  but  the  flow  from 
these  sources  was  too  small,  too  slow,  and  too  insensitive 
to  fluctuations  of  rainfall  intensity  to  account  for  the 
amounts  and  timing  of  runoff  in  the  stream  channel.  The 
amount  and  timing  of  storm  runoff  in  the  channel  may 
be  explained  by  overland  flow  from  saturated  areas 
along  the  stream  and  by  displacement  of  subsurface  flow 
from  the  streambanks. 

CHANNEL  RUNOFF  IN  NATURAL  STORMS 

The  most  striking  feature  of  the  channel  hydrographs 
from  this  watershed  was  their  extreme  sensitivit)'  to 
changes  of  rainfall  intensity.  Stream  discharge  began  to 
rise  within  a  minute  of  the  onset  of  rainfall.  Peaks  were 
sharp  and  occurred  within  several  minutes  of  the  end  of 
a  burst  of  rain.  The  lag  between  the  end  of  a  period  of 
intense  rainfall  and  the  peak  discharge  increased  from  1 
or  2  minutes  at  WC— 1  to  10  minutes  at  WC— 4.  Any 
decrease  of  rainfall  intensity  was  followed  by  a  sharp 
decline  of  discharge.  Many  hydrographs  had  recession 
limbs  that  were  steeper  than  their  rising  limbs.  Base  flow 


in  this  stream  was  remarkably  constant  over  periods  of 
several  days.  The  stream  discharge  often  returned  to  its 
prestorm  level  within  a  day. 

During  rainstorms  there  were  five  possible  sources  of 
runoff  along  the  reach  of  channel  between  stations 
WC-1  and  WC-2  (fig.  3).  The  first  of  these  was  the 
trenched  slope.  Runoff  from  this  source,  monitored 
continuously,  was  negligible.  Across  the  stream  from  the 
trenched  hillside  was  a  2,500-square-foot  triangular 
slope.  No  overland  flow  was  ever  observed  on  this  area, 
although  a  careful  search  was  made  in  many  storms. 
After  some  storms  a  small  amount  of  seepage  was 
observed  issuing  from  the  base  of  the  shallow  A-horizon 
of  the  soil  in  the  streambank.  Large  amounts  of  seepage 
were  not  observed  during  storms.  This  subsurface  flow 
seemed  to  contribute  significant  quantities  of  water  to 
the  stream  only  near  the  end  of  the  hydrograph.  How- 
ever, it  kept  an  area  of  the  floor  of  the  depression  wet 
throughout  most  of  the  year.  The  third  contributing  area 
was  the  channel  surface  itself.  A  fourth  source  was  the 
steep,  wet  bank  area  and  the  saturated  floor  of  the 
depression  in  which  the  stream  flowed.  Finally,  the  roof 
that  was  built  over  the  collector  system  at  the  base  of 
the  trenched  slope  provided  an  impervious  surface  with 
an  area  of  1,650  square  feet  several  feet  from  the  stream. 
Eight  hundred  square  feet  of  roof  drained  to  the  reach 
of  channel  between  weirs  WC— 1  and  WC— 2. 

Channel  precipitation  constituted  most  of  the  storm- 
flow between  WC— 1  and  WC— 2  in  most  natural  rain- 
storms. Channel  precipitation  was  even  more  important 
in  the  reach  above  WC— 1. 

The  amount  of  stormflow  from  channel  precipitation 
varied  with  the  intensity  and  duration  of  rainfall.  The 
area  of  the  stream  surface  between  the  two  weirs  was 
1,000  square  feet  when  the  stream  was  flowing  at 
WC— 1,  and  760  square  feet  when  the  source  of  the 
stream  was  at  its  late  summer  position.  The  saturated 
floor  of  the  depression  in  which  the  stream  flowed  had 
an  area  of  1,310  square  feet  (including  the  area  of  the 
stream  surface  itself).  The  roof  of  the  trench  shed 
volumes  of  water  totaling  80  percent  of  channel  pre- 
cipitation when  WC— 1  was  flowing,  and  over  100 
percent  of  channel  precipitation  when  WC— 1  was  dry. 
Because  the  roof  was  only  2  to  5  feet  from  the 
streambank  along  most  of  its  length,  some  of  this  water 
must  have  contributed  to  the  storm  hydrograph,  but  the 
actual  amount  is  unknown.  The  amount  of  water 
produced  by  the  steep  wet  banks  of  the  stream  is  also 
unknown.  Seepage  from  the  southern  bank  of  the  stream 
was  important  only  to  the  late  stages  of  the  storm 
hydrograph,  if  at  all.  Channel  precipitation  is  defined 
here  as  the  rainwater  that  fell  onto  the  water  surface  of 
the  stream  only.  The  remaining  contributions  from  the 
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trench  roof,  channel  banks,  saturated  floor  of  the 
depression,  and  distributed  lateral  inflow  from  bank 
seepage  are  grouped  as  "runoff  from  other  sources.' 

The  five  storms  discussed  here  represent  a  range  of 
types  from  short  to  long  duration,  high  to  low  intensity, 
orHwet  and  dry  antecedent  conditions,  and  producing 
both  simple  and  multipeaked  hydrographs. 

The  storm  of  August  10,  1967,  was  an  8-minute  pulse 
of  rainfall  at  an  intensity  of  3.6  inches  per  hour, 
followed  by  20-minutes  of  gentle  rain.  Antecedent 
conditions  were  dry  and  there  was  no  flow  in  the  chan- 
nel above  weir  WC— 1.  The  response  of  the  stream  at 
WC— 2  is  shown  in  figure  17.  Within  4  minutes  the 
stream  discharge  increased  from  2  g.p.m.  to  27  g.p.m., 
then  declined  even  more  rapidly  than  it  had  risen.  Figure 
17  shows  the  cumulative  volume  of  channel  pre- 
cipitation in  the  reach  between  WC— 1  and  WC— 2,  and 
the  cumulative  volume  of  stormflow  from  WC— 2. 
Stormflow  was  obtained  by  subtracting  base  flow  from 
the  hydrograph.  The  diagram  shows  that  during  the 
initial  burst  of  rain  more  water  fell  on  the  stream  surface 
than  flowed  out  of  the  reach.  The  amount  of  stormflow 
exceeded  the  amount  of  channel  precipitation  only  after 
the  rain  ended,  when  the  stream  was  back  ot  its  pre- 
storm  discharge.  Presumably,  flow  was  also  contributed 
by  the  trench  roof  and  banks  after  the  storm.  No  runoff 
was  measured  from  the  trenched  slope  or  observed  from 
the  southern  bank  of  the  stream.  The  speed  with  which 
the  hydrograph  rose  and  fell  precluded  the  possibility  of 
contributions  by  subsurface  stormflow.  Data  from  the 
trenched  hillside  confirmed  this  conclusion.  We  con- 
cluded that  channel  precipitation  was  the  major  deter- 
minant of  the  form  and  magnitude  of  the  hydrograph  in 
this  short,  intense  storm  occurring  under  dry  antecedent 
conditions. 

The  storm  of  May  31,  1968,  was  also  short  and 
intense.  The  major  portion  of  the  rain  was  a  16-minute 
burst  at  an  intensity  of  1.68  inches  per  hour  at  the 
beginning  of  the  storm  (fig.  18).  Antecedent  conditions 
were  wet  and  at  the  head  of  the  stream  a  large,  saturated 
area  below  Seep  A  (fig.  2)  produced  large  amounts  of 
runoff.  The  stormflow  from  WC— 1  constituted  75  per- 
cent of  that  measured  at  WC— 2.  Before  the  storm, 
WC— 1  supplied  only  24  percent  of  the  flow  at  WC— 2. 
The  flow  shown  by  the  cumulative  graph  at  WC— 1 
arrived  at  WC— 2  2  to  4  minutes  (depending  on  dis- 
charge) after  it  left  the  upper  weir.  It  was  impossible  to 
route  this  flow  through  such  a  short,  irregular  section  of 
channel,  but  the  flow  from  the  upper  weir  should  arrive 
at  WC— 2  several  minutes  after  the  times  indicated  in 
figure  18. 

Channel  precipitation  contributed  the  major  part  of 
the  runoff  generated  between  weirs  WC— 1  and  WC— 2 


during  the  storm  of  May  31.  Figure  18  shows  that  by  the 
time  of  the  hydrograph  peaks  the  volume  of  stormflow 
produced  in  this  reach  equaled  the  amount  of  rain  falling 
on  the  water  surface.  After  that,  channel  precipitation 
was  responsible  for  a  decreasing  proportion  of  storm- 
flow. When  rain  ended  and  the  stream  had  almost  re- 
turned to  its  prestorm  discharge,  the  volume  of  channel 
precipitation  that  had  fallen  equaled  .57  percent  of  the 
stormflow  generated  in  this  reach.  Most  of  the  remaining 
stormflow  probably  originated  on  the  roof  of  the  trench 
or  on  the  steep,  wet  banks.  No  stormflow  was  produced 
on  the  trenched  slope.  The  rapid  addition  and  drainage 
of  channel  precipitation  seem  to  have  caused  the  rapid 
rise  and  fall  of  the  hydrograph. 

On  August  28,  1967,  a  0.7-inch  rainfall  occurred  with 
a  maximum  15-minute  intensity  of  1.8  inches  per  hour 
(fig.  19).  Conditions  before  the  storm  were  dry,  and 
flow  did  not  begin  at  WC— 1  until  15  minutes  into  the 
storm.  The  weir  upstream  contributed  much  less  storm- 
flow to  WC-2  than  in  the  storm  of  May  31.  In  the 
August  storm,  512  gallons  fell  onto  the  strcambed  above 
WC— 1,  but  only  300  gallons  flowed  out.  The  stream 
depression  absorbed  much  of  the  channel  precipitation 
before  runoff  began.  Channel  precipitation  in  the  reach 
between  WC— 1  and  WC— 2  accounted  for  62  percent  of 
the  stormflow  produced  between  the  weirs  by  the  end  of 
rainfall. 

A  0.75-inch  storm  on  July  12,  1967,  included  three 
separate  bursts  of  rain,  each  of  which  produced  a 
separate  hydrograph  peak  at  both  WC— 1  and  WC— 2. 
Each  rise  of  the  hydrograph  began  1  to  4  minutes  alter 
an  intense  burst  of  rain  began.  Each  recession  limb  was 
less  steep  than  the  one  preceding  it  (except  for  the 
second  peak  at  WC— 2),  suggesting  that  in  the  later  peaks 
some  runoff  was  being  supplied  from  areas  further  from 
the  gage  by  mechanisms  involving  more  storage  than 
those  supplying  the  first  peak.  Figure  20  shows  that  the 
major  source  of  storm  runoff  between  weirs  WC— 1  and 
WC— 2  was  channel  precipitation.  By  the  beginning  of 
the  second  rise  of  the  hydrograph,  stormflow  out  of  the 
reach  amounted  to  only  88  percent  of  channel  pre- 
cipitation. By  the  time  the  third  rise  began,  channel  pre- 
cipitation accounted  for  93  percent  of  stormflow.  This 
figure  had  declined  to  80  percent  by  the  end  of  rainfall 
and  to  57  percent  within  the  next  hour. 

On  the  night  of  October  10,  1967,  several  bursts  of 
more  intense  rainfall  (up  to  0.63  inch  per  hour)  occurred 
during  a  1.09-inch  storm  of  generally  low  intensity.  Each 
of  these  bursts  produced  small  peaks  on  a  general  rise  of 
the  stream  hydrograph.  Antecedent  conditions  at  the 
beginning  of  the  storm  were  dry,  but  not  as  dry  as  in 
August  and  September.  The  stream  was  not  flowing  at 
WC— 1  when  rain  began,  but  flow  began  a  few  minutes 
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rigure  17.-Rainfall,  channel  runoff  at  weir  WC-2,  and  channel  precipitation  for  the  reach  between  WC-1  and 
WC-2  for  the  0.30-inch  storm  of  August  10,  1967.  The  amount  of  rain  falling  onto  the  (dry)  chaimel 
area  above  WC-1  in  this  storm  was  315  gallons. 

after  the  rain  started.  Because  the  area  above  the  upper  much  of  the  channel  percipitation  that  occurred  in  the 
weir  was  dry,  runoff  from  this  source  was  only  a  small  first  burst  of  rain  was  stored  temporarily  is  shown  by  the 
percentage  of  the  flow  at  WC-2  (fig.  21).  The  fact  that      cumulative  graph  in  figure  21,  and  by  the  fact  that  the 
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Figure  18.— Rainfall  intensity,  channel  hydrographs  from  weirs  WC-1  and  WC-2,  and  cumulative  plots  of  runoff  and 
channel  precipitation  in  the  reach  between  WC-1  and  WC-2  during  the  0.57-inch  storm  of  May  31 ,  1968.  The 
amount  of  channel  precipitation  above  WC-1  in  this  storm  totalled  830  gallons.  A  large  area  around  the  head  of 
the  channel  was  saturated,  however,  in  this  storm. 


hydrograph  peak  from  this  first  and  heaviest  burst  of  storm  was  long,  time  was  available  for  contributions 
fairT^as  smaller  than  those  from  later,  smaller  pulses,  from  lateral  subsurface  flow,  from  the  charuiel  banks. 
Because   rainfall   intensity   was   relatively  low  and  the      and  from  the  trench  roof.  At  the  end  of  rainfall,  chaiuicl 
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Figure  19.— Rainfall  intensity,  channell  hydrographs  from  weirs  WC-1  and  WC-2,  and  cumulative  volumes  of 
stormflow  and  of  channel  precipitation  in  the  reach  between  WC-1  and  WC-2  during  the  0.70-inch 
storm  of  August  28,  1967.  The  amount  of  channel  precipitation  above  WC-1  in  this  storm  totaled  512 
gallons. 

pn-cipitation  accounted  for  onU  39  percent  of  the  was  60  percent  of  the  storm  runoff  produced.  The 
stormflow  generated  in  this  reach.  At  the  end  of  the  trenched  hillside  also  contributed  a  small  amount  of  run- 
main  period  of  rainfall,  however,  channel  precipitation      off  in  this  storm. 
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Figure  20.-RainfaU  intensity,  channel  hydrographs  from  WC-1  and  WC-2,  and  cumulative  volumes  of  storm- 
flow  and  of  channel  precipitation  in  the  reach  between  the  weirs  during  the  0.75-inch  storm  of  July 
12,  1967.  The  amount  of  channel  precipitation  above  WC-1  in  this  storm  was  590  gallons.  A  large  area 
around  the  head  of  the  channel  was  saturated,  however,  in  this  storm. 


Data  from  these  storms  reinforce  the  conclusion  that      the  stream  and  the  wet  areas  along  its  edge  controlled 
under  dry,  summer  conditions,  precipitation  that  fell  on      the  magnitude  and  [general]  shape  of  the  hydrographs 
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Fij^.irc  21.-Rainlall  iiiKiiMtv.  channel  In  drof^Taph;-  from  WC-1  and  \VC-2.  and  rumulativc  volumes  of  slormflow 
and  of  clianncl  pr.cipilalion  and  other  inllows  lo  ihc  reach  belwe<-n  th<-  weirs  during;  the  l.()9-hieh  storm 
of  October  10-1  I,  1967.  Channel  preeipilalion  above  WC-1  in  this  storm  totalled  1  ()2.t  j^allons. 

lormiiif:  ill  rcs|i()iisc  lo  intense  raiiislornis.  Bi-causc  llicsc      rcsjtoiisc  of  rutioff  had   two   important  (.haractcTi.stics. 
areas    allowed    no    inliltralion    and    little    storage,    the      First,  the  ratio  of  runoff  to  rainfall  on  these  areas  was 
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close  to  one.  Second,  the  runoff  from  these  small  areas 
was  extremely  sensitive  to  fluctuations  of  rainfall 
intensity.  Subsurface  flow  from  both  the  permeable 
A-horizon  of  the  soil  and  from  deep  seepage  was  too 
small,  too  late,  and  loo  insensitive  to  changes  of  rainfall 
intensity  to  account  for  the  early  rise  and  fall  of  the 
stream.  As  the  storm  progressed,  distributed  lateral 
inflow  along  the  channel  supplied  significant  quantities 
of  water.  Some  of  this  lateral  inflow  must  have  been 
produced  by  displacement  of  stored  groundwater,  as 
rainwater  percolated  vertically  into  the  stream  banks. 
However,  during  the  storm  on  the  night  of  October  10, 
1967,  when  the  water  table  on  the  lower  part  of  the 
trenched  slope  was  only  1.3  feet  below  the  ground 
surface,  subsurface  runoff  from  the  plots  was  in- 
significant. This  suggests  that  even  in  storms  of  long 
duration  and  low  intensity,  most  of  the  distributed 
lateral  inflows  originated  as  overland  flow  from  the 
steep,  wet  stream  banks  and  the  floor  of  the  stream 
depression  not  covered  by  the  flowing  stream.  Through- 
out the  period  of  the  hydrograph,  this  source  of  stream- 
flow  was  important  in  low-intensitv  storms.  However, 
the  peaks  were  formed  by  channel  precipitation  during 
the  more  intense  bursts  of  rain. 


SEEP  DISCHARGE  IN  NATURAL  STORMS 

The  position  of  the  seep  in  relation  to  the  stream  and 
the  distribution  of  geologic  formations  controlled  the 
reaction  of  flow  from  each  of  the  four  seeps. 

Seeps  A,  C,  and  D  (fig.  2)  emerged  from  joints  in  the 
bedrock  close  to  the  stream.  Their  discharge  was 
constant  over  a  period  of  several  days,  and  they  did  not 
react  strongly  to  individual  rainfalls.  Seep  A  was  im- 
portant for  storm  runoff  production  because  it  wet  the 
area  between  its  point  of  emergence  and  the  main  stream 
channel.  Seepage  from  this  source  kept  an  area  of  600 
square  feet  saturated.  This  area  was  a  major  source  of 
storm  runoff  in  the  reach  above  WC— 1.  Seeps  C  and  D 
reacted  similarly  to  Seep  A,  but  the  weir  pools  in  front 
of  them  received  small  amounts  of  runoff  from  a  track 
running  parallel  to  the  stream.  These  seeps  never  con- 
tributed significant  amounts  of  storm  runoff  to  the 
stream  during  rainstorms. 

Seep  B  had  a  physiographic  position  different  from 
the  other  seeps.  The  flow  emerged  from  a  bedrock  spring 
about  300  feet  southeast  of  its  outlet  (fig.  2),  but  was 
reabsorbed  into  the  soil  a  few  feet  downslope.  It  re- 
emerged  lOO  feet  above  the  gage,  and  flowed  over  the 
varved  lake  deposit  to  the  main  stream. 

The  discharge  of  Seep  B  was  extremely  sensitive  to 
fluctuations    of   rainfall   intensity   (fig.   22).   Peak   dis- 


charges were  30  percent  of  those  from  weir  WC— 2.  Total 
stormflow  produced  in  Seep  B  was  generally  less  than  25 
percent  of  that  from  the  watershed  above  WC— 2.  The 
production  of  stormflow  in  Seep  B  seemed  to  be 
controlled  by  runoff  from  a  small  saturated  area  (100  to 
200  square  feet,  depending  on  the  season)  in  the  channel 
and  alonir  its  low  banks. 


RUNOFF  PRODUCTION  ON  THE  TRENCHED 

HILLSIDE  DURING  LARGE,  ARTIFICIAL 

RAINSTORMS 

In  October  1967,  three  artificial  rainstorms  were 
produced  on  plots  2  and  3  with  a  sprinkler  irrigation 
system.  A  fourth  irrigation  on  drier  antecedent 
conditions  was  made  in  July  1968.  Table  12  shows  the 
intensities,  amounts,  and  durations  of  these  storms.  The 
artificial  rainstorms  of  October  25,  1967,  and  July  17, 
1968,  were  followed  by  large,  natural  rainstorms,  which 
were  also  monitored. 

Because  the  distribution  of  rainfall  on  plot  No.  1  was 
unsatisfactory,  only  data  from  plot  No.  2  (concave)  and 
plot  No.  3  (straight)  are  discussed  here.  The  largest 
storm,  on  October  25,  yielded  the  most  complete 
picture  of  runoff-producing  mechanisms  on  the  slope. 
Therefore,  this  storm  is  described  first,  and  the  other 
storms  are  compared  with  it. 


STORM  OF  OCTOBER  25,  1967 
Plot  No.  2  (Concave) 

On  this  plot,  the  Thiessen  average  of  rainfall  amounts 
was  1.72  inches  in  2  hours,  or  a  total  of  14,230  gallons 
falling  on  the  0.3-acre  area  at  a  rate  of  1 18.6  g.p.m. 
Early  in  the  storm,  rainfall  stopped  for  10  minutes,  as 
shown  by  the  cumulative  rainfall  curve  in  figure  23.  Rain 
began  at  1225  hr.  and  ended  at  1435  hr. 

Because  of  heavy  rains  and  irrigations  the  month 
before,  the  soil  was  wetter  than  at  any  other  time  of  the 
year  except  the  height  of  the  snowmelt  period.  In  the 
top  90  inches  of  soil  at  access  tubes  1,  2,  and  3  were 
stored  31.18,  27.70,  and  22.19  inches  of  water 
respectively.  Depths  to  the  water  table  at  wells  C,  D,  and 
E  were  2.1,  1.67,  and  3.5  feet. 

Changes  of  water  table  elevations.— Oi  the  five  wells 
located  in  plot  No.  2,  only  the  three  in  the  center  of  the 
concavity  responded  significantly  during  the  storm 
period  (wells  G,  H,  I,  and  J  had  not  been  installed  in 
1967).  At  wells  A  and  B  (fig.  3)  the  water  table  depths 
were  4.4  and  5.7  feet,  respectively.  At  these  stations,  the 
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Figure  22. -Response  of  the  flow  from  Seep  B  to  the  0.75-ineh  rainstorm  of  July  12,  1967.  and  to  the  0.49-inch 
rainstorm  of  June  17, 1967. 


rise  of  the  groundwater  was  supplied  by  rain  that  had 
percolated  through  4  to  5  feet  of  soil.  The  reaction  of 
these  \tells  therefore  was  slow  and  the  water  table 
continued  to  rise  through  the  2  days  following  the 
storm,  but  only  amounted  to  a  few  tenths  of  a  foot. 
Even  this  slight  reaction  must  have  been  caused  to  some 


extent  by  addition  of  water  to  the  groundwater  system 
at  the  other  well  locations,  where  the  water  table  was 
close  to  the  surface. 

The  reaction  of  the  water  table  at  wells  C,  D,  and  E 
was  entirely  different  (fig.  24).  The  water  table  at  well  C 
lay  2.1  feet  below  the  ground  surface  (0.3  foot  below 
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Table  12.— Durations,  amounts,  and  intensities  of  artificial  rainstorms  on  the 
trenched  hillside,  October  1967  and  July  1968 


Date 

Plot 

No. 

Duration 

Amount 

Intensity 

Return 
period 

10/5/67 

2 
3 

Hours 

1 
1 

Inches 
1.03 
0.83 

In.  Ihr. 
1.03 
0.83 

Years 
3 

2 

10/16/67 

2 
3 

2 
2 

1.14 
0.90 

0.57 
0.45 

3 

2 

10/25/67 

2 
3 

2 

2 

1.72 
1.94 

0.86 
0.97 

25 
50 

7/17/68 

2 
3 

2 
2 

2.41 
1.98 

1.21 
0.99 

Greater  than 

100 

60 

Amounts  are   Thiessen   averages  of  amounts  measured  at  22  4-inch  rain  gages  in 
random  positions  on  the  0.46-acre  slope. 


the  level  of  the  impeding  layer)  at  the  beginning  of  the 
storm.  The  groundwater  began  to  rise  rapidly  35  minutes 
after  the  onset  of  rain,  reaching  the  surface  after  130 
minutes.  Within  a  few  minutes  of  the  end  of  rainfall,  the 
water  table  fell  below  the  ground  surface  and  began  a 
slow  decline.  At  wells  D  and  E,  the  water  table  reacted 
similarly,  althougn  not  at  the  same  time  as  at  C.  Because 
the  water  table  at  E  initially  lay  3.5  feet  below  the 
ground  surface,  it  did  not  respond  as  quickly  as  at  C. 
Soil  moisture  data,  shown  in  figure  25,  and  groundwater 
well  data  from  another  artificial  storm  on  July  17,  1968, 
(to  be  discussed  later)  indicate  that  the  apparent  rise  of 
the  water  table  at  this  station  was  largely  caused  by  the 
development  of  a  perched  water  table  over  the  impeding 
layer  at  a  depth  of  2  feet.  The  general  water  table  in  the 
underlying  silt  loam  did  begin  to  rise,  but  much  more 
slowly  than  the  rate  recorded  at  well  E.  The  apparently 
slow  response  of  the  groundwater  at  well  D  was  due  to  a 
local  peculiarity  of  the  soil.  At  this  point  the  loose, 
sandy  loam  A-horizon  is  only  several  inches  thick.  Well 
D  was  sealed  to  a  depth  of  1  foot.  The  lag  time  of  the 
well  was  thus  much  greater  than  those  of  wells  C  and  E. 
At  1330  hr.  water  was  seen  issuing  from  the  surface  of 
the  soil  at  the  location  of  well  D. 

Changes  of  piezometric  /lead.— Water  levels  in  the 
banks  of  piezometers  at  locations  1  and  2  (fig.  3)  reacted 
similarly  but  with  some  important  differences.  Figure  24 
shows  that  all  piezometric  levels  at  location  1  began  to 
respond  105  minutes  after  the  storm  began,  and  70 
minutes  after  the  water  table  at  this  location  began  to 
rise.  The  rise  was  slow  in  the  4-,  6-,  8-,  and  10-foot 
piezometers  and  continued  into  the  following  day.  In 
the  2-foot  piezometer,  which  was  dry  at  the  beginning  of 
the  storm,  the  water  level  rose  rapidly  to  a  maximum  0.8 


feet  below  the  ground  surface  25  minutes  after  the  end 
of  rainfall  and  10  minutes  after  the  water  table  had 
reached  its  peak  elevation. 

At  location  2,  the  varved  sediments  contain  more  silt 
and  less  clay,  and  therefore  less  dense  and  have  higher 
conductivities.  This  situation  is  reflected  in  the  water 
level  changes  measured  in  the  piezometers  there.  Figure 
24  shows  that  each  of  the  piezometers  began  to  rise  80 
minutes  after  the  onset  of  rainfall  and  35  minutes  after 
the  initial  response  of  the  water  table  at  well  E.  These 
piezometric  changes  began  earlier  than  those  at  location 
1.  The  2-foot  piezometer  rose  rapidly  to  within  0.45 
foot  of  the  soil  surface  45  minutes  after  the  end  of 
rainfall.  After  its  initial  rise  the  water  level  in  this 
piezometer  was  always  higher  than  the  water  table  at 
well  E,  indicating  an  upward  component  in  the  flow 
pattern  because  laboratory  measurements  of  saturated 
conductivity  showed  no  difference  between  horizontal 
and  vertical  conductivities. 

Changes  of  soil  moisture.— Figures  25  and  26  show 
the  response  of  soil  moisture  at  locations  1,  2,  and  3 
during  and  after  the  storm.  Figure  25  shows  the  initial 
soil  moisture  profiles  and  the  changes  in  soil  moisture  at 
various  times.  The  various  soil  moisture  changes  should 
be  added  to  the  initial  profile  to  obtain  the  instan- 
taneous soil  moisture  profile  at  the  time  indicated.  The 
position  of  the  water  table  is  also  plotted  on  these 
graphs  as  a  horizontal  dashed  line.  Figure  26  shows  the 
increase  of  soil  moisture  in  each  profile  plotted  against 
time.  A  cumulative  plot  of  rainfall  at  the  particular 
station  is  also  included  as  a  dashed  line  in  each  diagram. 

The  profile  data  from  station  1  (fig.  25)  show  that 
even  with  such  moist  antecedent  conditions,  a  wetting 
front   was   formed   and   a  large  amount  of  water  was 
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Figure  23.— Discharge  from  the  three  tiles  draining  the  concave 
25,  1967.  Channel  no.  2-1  is  the  surface  channel;  tile  no. 
from  the  zone  of  perennial  groundwater  discharge. 

stored  above  field  capacity  in  the  soil  profile.  As  the 
wetting  front  approached  the  water  table,  it  began  its 
rapid  rise.  For  several  hours  after  the  storm,  the  wetting 
front  dissipated  as  the  water  table  fell.  This  dissipation 
can  also  be  seen  in  the  other  two  series  of  profiles. 

At  stations  1,  2,  and  3  the  influence  of  impeding 
layers  at  shallow  depth  confused  the  simple  pattern  of 
wetting  front  movement.  The  first  readings  could  not  be 
taken  there  before  the  infiltrating  water  reached  the 
denser  layer.  At  station  2,  the  presence  at  a  depth  of  2 
feet  of  a  denser  layer  with  finer  soil  pores  was  evident 
throughout  the  year  because  the  moisture  content  at 
that  level  was  greater  than  in  the  soil  above  and  below. 
Observations  in  a  soil  pit  as  the  site  after  the  research 


plot  (plot  no.  2)  during  and  after  the  artificial  storm  of  October 
2-2  drains  the  base  of  the  root  zone;  tile  no.  2-3  collects  seepage 


was  concluded  confirmed  the  presence  of  this  layer. 
During  a  storm  the  moisture  content  at  this  level 
increased  more  rapidly  than  in  the  rest  of  the  soil, 
presumably  because  the  finer  pores  impeded  percolation 
(fig.  25).  Eventually,  saturation  was  reached  and  a 
perched  water  table  formed  above  the  impeding  layer. 

At  station  3  the  percolating  water  seems  to  have  been 
held  above  the  2-foot  depth.  Moisture  content  rose  at  2 
feet  or  below  only  near  the  end  of  the  storm.  Because  no 
well  data  were  collected  at  this  location  during  the 
storm,  it  is  not  possible  to  say  definitely  that  a  perched 
water  table  formed  at  station  3.  Only  10  or  15  feet 
downslope,  however,  the  topsoil  became  saturated  and 
water  issued  from  it. 


88 


p-,|P                                    r^'y       \A/oll    r     :^r^r\      PT-9 

I 

1 

669 

^ 

/  /  /  /  / 

////////////////////    /    /   / 

^-^                    _2ft 

668 

— 

/               /--''                              Well    E 

667 

— 

y 

y 
/ 

y 

666 

— - 



, ^ 

665 

— 

6  ft 

(^(^A 

r 

1             1 

1         t     1     1     1     1     1     1          1     1     1     1     1     1     1     1 

r 


1300           1400  1500  1600  1700 
Ram ,                    (b)     Well   D 


1800 


1 


658  \J-f  //////  /    /  /  /   /    ///////  //  /  /   /    /   ■/  7 


657   _ 


C 

O     656 

+-> 
CD 
> 

U     650 
649 

648 
647 


1_L_L 


J I L 


I      ■      ■      I      I 


J I L 


I      I      I      I      I      I      I      I     I 


1300            1400 
Rain 


1500  1600  1700  1800 

(c)  Well  C  and  PT-1 


>//////     /^^■f'^t--f-~f--i--f-:h-/—^-/-.LJ_2.J.JJ_ 


/ 


Well    C 


/ 


/ 


2  ft 

6  n 


j_j_ 


I    I    I 


I    I    I 


I    I    I 


9ft 
I     I     1 


1300 


BOO 


1400  1500  1600  1700 

Time  (hours) 

Figure  24.— Changes  of  water-table  elevation  at  wells  C,  D,  and  E,  and  of  piezometric  head  at  stations  1 
and  2  in  the  concave  plot  during  and  after  the  artificial  storm  of  October  25, 1967. 


Figure  26  shows  the  pattern  of  soil  moisture  changes 
through  time.  These  graphs  are  very  similar  to  hy- 
drographs.  An  initial  sharp  rise  to  a  peak  near  the  end  of 
rainfall  is  followed  by  slow  drainage,  demonstrating  the 
great  storage  capacity  of  these  soils  and  their  function  as 
a  damper  on  the  response  of  the  watershed  to  rainfall. 
As  would  be  expected  from  the  slope  positions  of  the 
locations,  drainage  from  the  peak  soil  moisture  content 
was  greatest  at  location  3  (0.15  inch  of  water  leaving  the 
profile  per  hour),  less  at  loaction  2  (0.12  inch  per  hour), 
and  least  at  the  base  of  the  slope  (0.06  inch  per  hour). 

At  each  station  the  rate  of  increase  of  soil  moisture 
was  greater  than  the  rate  of  rainfall  (fig.  26).  Because  of 
the    time    required    to   measure   soil   moisture,   it   was 


possible  to  measure  only  two  moisture  profiles  at  each 
site  during  the  storm  and  three  in  the  next  10  hours. 
This  rapid  increase  in  soil  moisture  content  indicates 
downslope  translation  of  water  beneath  a  perched  water 
table.  Theoretical  considerations  and  data  from  plot  No. 
3  indicate  that  in  the  absence  of  saturated  conditions  at 
a  shallow  depth  there  can  be  no  rapid  lateral  flow  by 
unsaturated  percolation  early  in  the  storm.  The  soil  was 
too  wet  for  resistance  to  wetting  to  cause  lateral  flow 
(60).  Although  the  first  profile  at  location  1  (fig.  25)  is 
labeled  as  having  been  measured  at  1300  hr,  the 
measurement  actually  took  25  minutes.  By  the  time  the 
measurements  were  finished,  the  water  table  at  well  C 
had   begun   to   rise,   indicating  the  establishment   of  a 
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Figure  25.— Profiles  of  initial  soil  moi.-.ture  content  as  percent  by  volume  (Sj)  and  change  in  soil  moisture 
from  the  initial  profile  (^0)  at  stations  1.  2.  and  3  in  the  concave  plot  for  various  times  during 
October  25.  1967.  The  horizontal  dashed  lines  indicate  the  position  of  the  water  table. 


saturated  phase  in  the  highly  permeable  A-horizon  of  the 
soil.  Saturated  lateral  flow  could  then  add  the  large 
quantities  of  water  indicated  in  figure  26  to  the  center 
of  the  concavity  and  the  base  of  the  slope. 

Runoff  measurements.  — Figure  23  shows  runoff  data 
from  the  concave  plot  during  this  artificial  storm.  At  the 
beginning  of  the  storm  there  was  no  flow  in  the  surface 
channel  (No.  2-1)  or  the  intermediate  tile  (No.  2-2). 
The  rate  of  flow  from  the  lower  tile  (No.  2-3)  was  0.17 
g.p.m. 

At  1340  hr.,  after  rain  had  fallen  for  75  minutes,  flow 
from  tile  No.  2—3  began  to  increase  slowly  from  its 
initial  rate  of  0.17  g.p.m.  to  1.93  g.p.m.  at  1445  hr.  just 
after    the    rain    ended.   The   discharge   increased   more 


slowly  after  that,  reaching  a  maximum  of  2.39  g.p.m.  at 
1630  hr.,  2  hours  after  the  rain  ended.  The  flow  then 
declined  slowly  until  the  beginning  of  the  next  storm. 
The  first  response  of  the  flow  from  this  tile  lagged  the 
initial  rise  of  the  water  table  at  well  C  by  40  minutes.  It 
occurred  at  about  the  time  the  water  levels  in  the  4-  and 
6-foot  piezometers  at  location  1  began  their  slow  rise. 
This  demonstrates  the  considerable  resistance  to  flow  in 
the  silt  loam  and  silty  clay  loam  below  the  2-foot  level. 
At  1340  hr.,  after  75  minutes  of  rain,  flow  began  in 
tile  No.  2—2,  the  intermediate  tile  at  the  base  of  the  root 
zone.  The  discharge  rose  abruptly,  reaching  a  maximum 
of  5.8  g.p.m.  at  1435  hr.  At  the  end  of  rainfall  the  flow 
decreased  immediately.  By  1700  hr.,  only  0.8  gallon  per 
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Figure  26.-Additions  of  moisture  to  the  soil  profile  at  stations  1,  2,  and  3  in  the 
concave  plot  during  October  25,  1967. 


minute  emerged  from  this  tile.  The  flow  from  the  root 
zone  was  associated  with  the  rapid  rise  of  the  water  table 
at  the  base  of  the  slope.  Heavy  rains  and  previous  ir- 
rigations had  raised  the  moisture  in  the  upper  horizon  of 
the  soil  to  a  higher  level  than  at  any  time  except  the 
snowmelt  periods.  Relatively  little  water  was  needed  to 
cause  the  water  table  to  respond.  Only  Vi  inch  of  water 
had  fallen  when  the  water  table  at  well  C  began  to  rise. 
A  small  trickle  of  water,  deposited  directly  into  the 
channel  by  the  sprinklers,  flowed  from  No.  2-1  during 
the  first  65  minutes  of  the  storm.  However,  no 
Hortonian  "precipitation  excess"  was  generated  on  the 
slope,  and  no  overland  flow  was  observed  on  the  slope 
during    the    storm.    The    flow    from    No.    2-1    would 


probably  have  remained  negligible  as  in  other  rainstorms 
if  not  for  subsurface  mechanisms. 

At  1330  hr.,  65  minutes  into  the  storm,  flow  from 
No.  2-1  suddenly  increased  (fig.  23).  In  the  70  minutes 
from  1330  to  1440  hr.,  the  flow  rate  increased  from  0.2 
g.p.m.  to  42  g.p.m.,  and  2,016  gallons  of  water  flowed 
into  the  surface  channel.  During  this  storm,  2,321 
gallons  of  water  were  measured  as  overland  flow  from 
the  concave  plot.  Within  10  minutes  of  the  end  of  rain- 
fall the  flow  from  the  surface  channel  declined  from  42 
g.p.m.  at  1446  hr.  to  2.5  g.p.m.  at  1504  hr.  The 
recession  limb  of  the  hydrograph  was  steeper  than  the 
rising  limb.  During  the  next  4  hours  the  flow  decreased 
slowly  to  a  trickle. 


41 


The  soil  moisture,  piezometric,  and  well  data  are 
relevant  to  an  explanation  of  this  surface  runoff.  A 
perched,  saturated  condition  developed  within  the  upper 
2  feet  of  soil,  and  the  water  table  rose  to  within  several 
inches  of  the  soil  surface.  At  well  C  the  water  table  rose 
to  the  surface.  At  station  2,  there  was  an  upward 
componer.t  of  the  flow  field  near  the  surface  because  the 
water  in  the  2-foot  piezometer  stood  above  the  water 
table.  During  the  storm,  water  was  observed  issuing  from 
the  soil  surface  over  most  of  the  central  depression  on 
the  concave  slope  below  instrument  location  2.  The 
seepage  was  particularly  obvious  below  slight  breaks  of 
slope,  where  the  sandy  loam  layer  was  thinner  than  on 
the  rest  of  the  plot.  At  a  break-in-slope  between  in- 
strument locations  2  and  3  the  sandy  loam  layer  thins 
drastically.  Above  this  point  lies  the  horizontal,  un- 
disturbed surface  of  the  var\ed  lake  deposit.  Below  this 
point  is  the  eroded  slope  of  the  deposit,  covered  by  a 
thin  veneer  of  sandy  loam.  The  highest  point  at  which 
seepage  occurred  was  only  about  6  feet  below  this 
break-in-slope. 

The  water  that  was  measured  as  overland  flow  was 
water  that  had  returned  to  the  surface  from  the  upper 
horizons  of  the  soil.  It  is  referred  to  as  "return  flow"  in 
this  publication  to  distinguish  it  from  true  subsurface 
flow,  which  remained  below  the  soil  surface  on  its  way 
to  the  channel.  Surface  and  subsurface  flow  are  subject 
to  different  hydraulic  laws,  which  govern  their  im- 
portance as  contributors  of  stormflow.  The  return  flow, 
emerging  from  the  ground  surface  in  the  central  hollow 
of  plot  No.  2  was  augmented  by  rain  falling  directlv 
onto  the  saturated  area  of  the  concavity.  The  flow 
arrived  at  the  surface  channel  as  a  stream  10  feet  wide, 
0.25  to  0.5  inch  deep,  flowing  dowii  a  slope  that  ranged 
from  30  percent  to  100  percent. 

Plot  No.  3  (Straight) 

During  the  2-hour  storm,  1 .94  inches  or  8,200  gallons 
of  water  fell  onto  this  0.17-acre  plot  at  a  rate  of  68 
g.p.m.  At  the  beginning  of  the  storm,  the  water  table 
stood  approximately  4  feet  below-  the  ground  surface  at 
instrument  location  7  and  more  than  8  feet  below  the 
surface  at  location  8.  No  well  data  are  available  for  the 
plot  during  this  irrigation.  Figure  27  shows  the  piezom- 
eter and  flow  data  from  the  storm. 

Changes  of  piezometric  head.— The  groundwater  body 
on  this  slope  first  responded  late  in  the  2-hour  storm 
(fig.  27).  At  location  8  in  the  middle  of  the  slope,  rapid 
changes  of  piezometric  head  began  about  2  hours  of 
rain.  The  time  necessary  for  unsaturated  percolation  to 
the  water  table  through  about  8  feet  of  soil  caused  the 
delay.  As  the  water  levels  rose  into  material  of  higher 


conductivity,   lateral   flow   components  dominated   the 
originally  strong  downward  flow  component. 

At  location  7,  the  piezometric  head  began  to  rise 
slowly  at  the  4-foot  depth  84  minutes  into  the  storm. 
This  was  followed  50  minutes  after  the  rain  ended  by  a 
sharper  rise  that  continued  until  the  next  storm.  The 
deeper  piezometers  at  this  site  responded  even  less  to  the 
storm.  Piezometric  head  at  the  6-foot  depth  made  its 
slight  initial  rise  at  the  same  time  as  that  at  4  feet,  but  its 
second,  more  abrupt  rise  lagged  that  at  4  feet  by  150 
minutes.  This  suggests  that  the  second  rise  of  the  4-foot 
piezometer  was  caused  by  an  influx  of  water  at  or  above 
that  level,  and  the  pressure  change  was  transmitted 
slowly  to  the  lower  layers.  The  abrupt  rise  of  [the  level 
in]  the  4-foot  piezometer  occurred  at  the  end  of  the 
rapid  rise  of  piezometric  pressures  at  location  8, 
suggesting  that  slow  percolation  of  water  into  the  deep, 
well-drained  soil  eventually  raised  the  water  table  into 
highly  permeable  horizons.  Lateral  flow-  then  began 
downslope,  causing  an  increase  in  the  outflow  from  the 
base  of  the  slope.  (See  the  section  on  runoff  measure- 
ments from  this  plot). 

Changes  of  soil  moisture. -Figures  28  and  29  sum- 
marize the  soil  moisture  changes  on  the  straight  hillside 
on  October  25.  These  data  do  not  indicate  the  develop- 
ment of  a  perched  water  table.  Penetration  was  par- 
ticularly rapid  through  the  sandy  soil  at  stations  8  and  9 
(fig.  28).  The  graphs  of  the  amount  of  water  added  to 
the  soil  during  the  storm  were  also  interesting  (fig.  29). 
At  stations  7  and  9  there  is  no  evidence  of  any  lateral 
transport  of  water  that  caused  the  change  in  soil 
moisture  to  exceed  rainfall.  However,  at  station  8,  soil 
moisture  increased  more  rapidly  than  rainfall  could  ac- 
count for.  In  the  discussion  of  piezometric  changes  at 
this  location,  evidence  was  presented  for  saturated 
lateral  flow  late  in  the  storm.  All  three  piezometers  had 
water  in  them  15  minutes  after  the  measurement  of  the 
first  soil  moisture  profile  was  finished  at  1415  hr.  If  the 
piezometer  response  lagged  (as  appears  was  the  case  on 
the  rest  of  the  slope),  the  soil  profile  may  have  become 
saturated  at  5-  to  10-foot  depths,  producing  the  lateral 
flow  necessary  to  cause  the  large  addition  of  water  to 
the  soil  profile.  By  1500  hr.,  when  the  second  soil 
moisture  profile  was  measured,  the  water  table  had  risen 
several  feet.  After  the  rain  ended,  water  drained  from 
this  deep,  sandy  soil  more  quickly  than  elsewhere  on  the 
slope. 

Runoff  measurements.— In  spite  of  the  higher  rate  of 
application  of  rainfall  on  plot  No.  3  than  on  plot  No.  2, 
the  straight  slope  yielded  no  significant  stormflow.  The 
surface  channel  and  the  tile  at  the  base  of  the  root  zone 
were  drv"  at  the  beirinning  of  the  storm.  Tile  No.  3—3 
had  a  flow  of  0.05  g.p.m.  at  this  time.  Flow  continued  at 
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27.-Pi(/.ormt(r  and  discharp-  data  from  the  straight  hillside  (plot  no.  3)  during  and  affr  the  1.94-inch 

artificial  storm  of  October  25,  1967. 


ihi.s  rale  uiilil  84  minutes  into  the  storm,  when  a  .slow  the    flow    from    tile    No.    3-3   also    increased    sharply, 

rise  began  at  the  same  time  as  the  first  slight  response  of  eventually  rising  to  a  peak  of  1.07  g.p.m.  9  hours  after 

the    pie/.omelric   iiead   at   the  4-  and   G-fool  depths  at  the  end  of  the  storm.  Five  hours  after  the  storm  ended 

location  7  (fig.  27).  Fifty  minutes  after  the  storm  ended,  tile  No.  3-2  began  to  yield  a  slow  trickle,  indicating  that 

when  the  4-1  ool  pie/.omelric  reading  changed  abruptly,  the  water  table  had  ris«'n  slowly  to  within  2  feet  ot  the 
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Fifciire  28.— Profiles  of  initial  soil  moisture  as  percent  by  volume  (0j),  and  cliange  in  soil 
moisture  from  initial  profile  (A0)at  stations  7.  8,  and  9  on  the  straight  hillside  for 
various  times  during  October  25,  1967. 


ground  surface.  However,  the  peak  rate  of  flow  from  this 
tile  was  only  0.03  g.p.m.  No  surface  runoff  was 
measured  in  channel  No.  3—1. 

STORM  OF  OCTOBER  16,  1967 
HotlVo.  2  (Concave) 

The  Thiessen  average  rainfall  total  for  plot  No.  2 
during  the  2-hour  storm  of  October  16,  1967,  was  1.14 
inches.  This  was  equivalent  to  an  application  rate  of  72 
g.p.m. 

Antecedent  conditions  were  not  as  wet  as  those 
before   the  artificial  storm  of  October  25.  Piezometric 


levels  were  almost  the  same  as  those  at  the  end  of  the 
1967  snowmelt  season,  (i.e.,  as  high  as  had  been 
recorded  without  irrigation).  The  water  table  at  well  C 
stood  at  a  depth  of  4  feet,  1 .9  feet  below  its  level  of 
October  25.  At  wells  D  and  E,  the  depths  to  the  water 
table  were  only  slightly  less  than  those  before  the 
October  25  storm,  (1.75  and  3.75  feet,  respectively). 
The  total  amount  of  soil  moisture  stored  in  the  top  90 
inches  of  soil  was  also  less  than  before  the  October  25 
irrigation.  At  station  1,  30.2  inches  of  water  were  stored 
in  the  profile,  while  27  and  21.4  inches  were  recorded  at 
stations  2  and  3,  respectively.  At  the  end  of  the  first 
hour  of  rainfall,  a  pump  failure  stopped  the  rainfall  for 
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•ipirc  29. -Additions  of  moi.slnrc  to  tlic  soil  profile  at  stations  7.  8. 
aiid9,  October  2."^.  1967. 


!()  iniiuites.  riif  cumiilallM'  ruiiilall  ciini-  in  liji;ur('  .50 
shows  this. 

Changes  of  ualer  table  elevation.  \  siiiiiiricaiil 
rt'spoiisc  ()l  the  water  table  was  measured  omIn  at  wells 
(>,  D,  and  K  duriiijr  this  >l(>rni.  Again  the  water  levels  in 
wells  A  and  H  rose  slifihll)  late  in  the  storm  and 
conliimed  rising  slowK  lor  several  (la\s.  I'igure  ."}1  shows 
the  [)atlern  of  changes  in  water  tal)le  elevation  at  wells 
C,  I),andF,. 

At  the  beiiinninii  ol  the  storm  the  water  table  was 
lowiT  at  each  of  the  locations,  and  the  soil  moisture 
storage  was  less,  than  bi'fore  the  storm  of  <  )etober  2."). 
These  conditions  are  reileeted  in  the  sIcjwit  response  of 
the  water  table  in  the  October  K)  storm.  Rain  had  lal!<n 


for  90  minutes,  totaling  0.7.")  inch  before  the  water  table 
began  to  rise  at  well  1',.  The  water  table  at  the  lower  two 
wells  began  to  rise  within  the  next  30  minute>.  Table  13 
shows  the  (lejitlis  to  water  table  at  the  three  wells  and 
the  amount  of  rain  that  fell  before  the  water  table 
responded.  These  data  show  the  importance  ol  depth  to 
water  table  and  of  rainfall  intensity  in  determining  how 
(juickly  the  water  table  at  a  particular  point  will  react  to 
produce  subsurface  flow. 

At  each  well  the  water  table  began  its  main  rise  near 
the  end  of  the  storm.  Well  C  was  the  last  to  res[)ond  but 
the  water  table  rose  more  ra[)idly  there  than  at  the  other 
wells.  As  expected,  the  rate  of  rise  of  the  water  table 
dienased  in  an  unslo|ie  direction.  The  water  table  at  the 
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Figure  30.-Rainfall  and  runoff  from  the  concave  (no.  2)  and  straight  (no.  3)  hUlsides  during  and  after  the 

artificial  storm  of  October  16,  1967. 


lower  two  wells  rose  to  within  a  few  inches  of  the 
surface,  but  the  maximum  elevation  recorded  at  well  E 
was  1  foot  below  the  surface.  (However,  other  data  to  be 
presented  later  show  that  the  water  table  intersected  the 
ground  surface  at  slight  breaks-in-slope.) 

Changes  of  piezometric  head.— The  2-foot 
piezometers  were  not  installed  by  October  16.  The 
reactions    to    the    October    16    storm    of    the    deeper 


piezometers  at  locations  1  and  2  were  similar  to  their 
reactions  to  the  October  25  storm  (fig.  31). 

Changes  of  soil  moisture.— Figures.  32  and  33 
show  that  the  same  soil  moisture  changes  took  place  in 
the  October  16  storm  as  in  the  October  25  storm.  In 
both  storms,  a  "wetting  front"  and  perched  a  saturated 
layer  in  the  upper  2  feet  of  soil  developed.  Figure  33 
shows  that  the  difference  between  the  measured  rainfall 
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Figure 


31.— Changes  of  piezometric  head  and  water-table  elevations  on  the  concave  slope  (plot 
no.  2)  during  and  after  the  artificial  storm  of  October  16,  1967. 


Table  13.— Depth  to  water  table  at  wells  C,  D,  and  E  and  amount  of  rain  before 
the  first  rise  of  the  water  table  in  the  artificial  storms  of  October  16 
and  25,  1967 


October  16,  1967 

October  25,  1967 

Well 

Depth  to 
water  table 

Rainfall  before 
first  rise  of 
water  table 

Depth  to 
water  table 

Rainfall  before 
first  rise  of 
water  table 

C 
D 

E 

Feet 
3.3 
1.75 

3.75 

Inches 

1.10 

.90 

.75 

Feet 
2.1 
1.7 
3.5 

Inches 

0.50 

.92 

.57 
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Figure  32.— Profiles  of  initial  soil  moisture  as  percent  by  volume  (6^).  and  ehange  in  soil  moisture  from 
the  initial  profile  (A0)  at  stations  1.  2,  and  3  in  the  concave  plot  during  October  16.  1967.  The 
horizontal  dashed  lines  indicate  the  position  of  the  water  table. 
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and  the  maximum  amount  of  water  added  to  the  soil 
profile  was  e\  en  greater  than  in  the  storm  of  October  25, 
probably  because  the  soil  had  more  unoccupied  storage 
capacity  at  the  beginning  of  the  October  16  storm. 

Although  the  water  table  at  well  C  ben;an  to  rise 
only  at  the  end  of  the  rainstorm,  figure  33  shows  a 
large  downslope  translation  of  water  before  that  time. 
Most  of  the  water  added  to  tht;  profile  before  tlie  water 
table  at  wells  C  and  D  began  to  rise  came  from  in- 
filtration of  water  cmerKing  from  the  soil  surface  further 
upslope,  where  the  permeable  A-horizon  was  .shallower 
(fig.  32).  This  overland  flow  reached  channel  No.  2—1  at 
1400  hr.,  more  than  Vi  hour  before  well  C.  beean  to  rise. 


Runoff  measurements. —At  the  beginning  of  the 
storm  there  was  no  flow  in  the  surface  channel  or  the 
intermediate  tile  (No.  2—2).  The  rate  of  flo^\  from  tile 
No.  2—3  was  0.15  g.p.m. 

At  1420  hr.,  after  110  minutes  and  1  inch  of  rainfall, 
the  flow  from  tile  No.  2—3  increased  slowh .  This  in- 
crease continued  until  a  peak  rate  of  1.5  g.p.m.  was 
reached  6  hours  after  the  rain  ended.  The  first  slow  rise 
occurred  at  about  the  lime  ol  the  first  slight  response  of 
the  water  table  at  well  C. 

At  1430  hr.,  almost  at  thi"  end  of  the  rainstorm, 
water  began  to  How  from  tile  No.  2—2,  but  this  tile 
never  yielded  an>'  significant  flow.  Discharge  increased 
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Fifjiirc  33. -Addition  of  moisturi'  to  the  soil  profilr  at 

artificial  storm  o 


stations  1,  2.  and  3  in  thr  concave  plot  during  and  after  the 
f  October  16.  1967. 


abruptly,  reaching  a  maximum  of  0.4  g.p.m.  within  1 
hour  of  the  end  of  the  storm,  and  declined  slowlv  after 
that.  This  flow  began  when  the  water  table  at  well  C  was 
at  a  depth  of  4  feet.  When  flow  ended,  the  water  table 
was  only  1.25  feet  below  ground  surface.  These  facts 
and  the  pattern  of  soil  moisture  in  figure  32  suggest  that 
at  least  the  initial  rise  of  the  hydrograph  was  supplied  by 
percolation  of  overland  flow  into  the  A-horizon  of  the 
soil  close  to  the  surface  channel  and  from  there  into  the 
shallow  tile  drain. 

Flow  from  the  surface  channel  originated  the  same 
way  as  the  overland  flow  recorded  on  October  25.  Even 
before  the  three  wells  in  the  center  of  the  concavity 
responded,  measurements  of  soil  moisture  indicated  that 
the  upper  2  feet  of  soil  were  saturated.  At  small  breaks- 
in-slope,  where  the  A-horizon  of  the  soil  was  thin,  sub- 
surface flow  emerged  and,  moving  with  drastically 
increased  speed,  supplied  overland  flow  to  channel  No. 
2—1.  Rainfall  intensity  was  less  than  in  the  storm  of 
October  25,  and  antecedent  soil  moisture  conditions 
were  drier.  These  two  conditions  delayed  the  onset  of 
overland  flow,  compared  with  the  onset  in  the  October 
25  storm,  and  caused  the  peak  rate  (8.5  g.p.m.)  and 
total  volume  of  runofff  (237  gallons)  to  be  smaller. 

Plot  No.  3  (Straight) 

The  Thiessen  average  rainfall  total  for  this  plot  during 
the  2-hour  storm  was  0.9  inch,  which  is  equivalent  to  an 


application  rate  of  31.5  g.p.m.  The  water  table  at  instru- 
ment location  7  was  almost  4  feet  below  the  surface, 
while  at  location  8  it  was  about  10  feet  below  the 
surface.  Piezometric  levels  were  as  low  as  those  of  early 
summer. 

Changes  of  piezometric  ftead. -Although  the  same 
pattern  of  piezometric  pressure  changes  described  for 
the  October  25  storm  was  measured  during  this  storm, 
the  magnitude  of  the  changes  was  greatly  reduced  be- 
cause antecedent  conditions  were  drier  and  the  total 
rainfall  was  less.  At  location  7,  a  slow  rise  of  pressure  at 
the  6-  and  4-foot  hv'els  began  about  2  hours  after  the 
rain  ended  and  continued  for  the  next  24  hours.  At 
location  8,  the  water  level  in  the  10-foot  piezometer 
gradually  rose  2  feet  beginning  several  hours  after  the 
rain  ended. 

Changes  of  soil  moisture.— The  pattern  of  soil  mois- 
ture changes  was  similar  to  that  of  the  October  25 
storm,  except  that  the  changes  were  smaller. 

Runoff  measurements. -Figure  30  shows  the  only 
runoff  from  this  plot  measured  in  the  October  16  storm. 
There  was  no  surface  runoff  or  lateral  flow  through  the 
root  zone.  At  the  beginning  of  the  storm,  the  rate  of 
flow  from  tile  No.  3-3  was  0.07  g.p.m.  About  2  hours 
after  the  rain  ended,  when  the  piezometric  levels  at  loca- 
tion 7  began  to  respond,  the  flow  from  tile  No.  3—3 
increased  slowly.  No  significant  stormflow  was  produced 
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and   the   rise  culminated  in  a  peak   discharge  of  0.23 
g.p.m.  7  hours  after  the  rain  ended. 

STORM  OF  OCTOBER  5,  1967 

On  October  5,  1967,  a  1-hour  artificial  storm  sup- 
plied 1.03  inches  of  water  to  plot  No.  2  and  0.83  inch  to 
No.  3.  The  water  table  at  well  D  (the  only  well  installed 
at  the  time)  stood  3.5  feet  below  the  ground  surface. 
Soil  moisture  and  piezometric  observations  were  typical 
for  late  summer.  Runoff  from  the  two  lower  tiles  before 
the  storm  reflected  the  dryness  of  the  soil.  Tile  No.  2—3 
was  flowing  at  0.11  g.p.m.,  and  tile  No.  3—3  at  0.02 
g.p.m. 

The  water  table  at  well  D  reacted  5  minutes  after  the 
rain  ended.  The  4-  and  6-foot  piezometers  at  loaction  1 
responded  at  about  the  same  time,  and  their  rise  was 
accompanied  by  a  slow  increase  in  the  flow  rate  from 
tile  No.  2—3.  This  flow  began  to  increase  25  minutes 
after  the  rain  ended  and  reached  its  maximum  rate  of 
0.5  g.p.m.  22  hours  later.  There  was  no  flow  from  tile 
No.  2—2  or  channel  No.  2—1.  The  response  of  the 
straight  slope  was  even  less  than  that  of  plot  No.  2.  Flow 
from  tile  No.  3—3  began  to  rise  slowly  6  hours  after  the 
rain  began  and  peaked  at  0.09  g.p.m.  19  hours  later. 

Lateral  flow  of  water  occurred  at  locations  1  and  2, 
where  a  steeply  sloping  impeding  layer  allowed  a 
perched  saturated  zone  to  develop.  This  flow  added  to 
the  soil  profile  at  these  locations  two  to  three  times 
more  water  than  was  received  as  rainfall.  The  soil  mois- 
ture data  from  location  1  show  no  such  addition  until 
very  late  in  the  storm  and  in  the  hour  following  the  end 
of  rainfall.  At  this  time  the  water  table  at  well  D  had  just 
begun  to  rise.  At  AT— 3,  the  saturation  deficit  that  had 
to  be  filled  before  the  rapid  overland  flow  or  "return 
flow"  could  occur  was  larger  than  this  rainstorm  could 
fill. 


STORM  OF  JULY  17,  1968 

One  large  storm  was  produced  in  1968  on  this  slope 
to  measure  the  slope's  response  under  drier  conditions 
than  those  of  October  25,  1967. 

Plot  No.  2  (Concave) 

The  Thiessen  average  of  rainfall  on  this  plot  was  2.41 
inches  from  1400  to  1600  hr.  The  rainfall  intensity  was 
equivalent  to  a  rate  of  166  g.p.m.  over  the  plot.  The 
early  summer  months  of  1968  were  cool,  cloudy,  and 
rainy  so  that  piezometric  levels  were  about  0.3  foot 
higher  than  in  July   1967.  Depths  to   the  water  table 


ranged  from  2.3  feet  at  well  C  (less  than  the  depth  before 
the  October  5,  1967  strom)  to  5.9  feet  at  well  E. 

Changes  of  water  table  elevations.— AW  the  wells 
installed  on  the  hillside  in  1967  were  sealed  to  1  foot 
below  the  surface,  and  were  located  at  positions  A,  B,  C, 
D,  E,  and  F  in  figure  3.  Six  more  wells  were  installed  on 
the  hillside  in  1968— four  on  the  concave  plot  and  two 
on  the  straight  hillside.  Figure  34  shows  the  positions  of 
these  wells  (G,  H,  1,  J,  K,  and  L). 

By  pairing  some  of  the  wells,  we  hoped  to  confinn 
what  the  soil  moisture  data  from  1967  storms  had 
suggested— that  a  perched  water  table  developes  over  the 
silt  loam.  Well  J  was  installed  next  to  well  E,  but  they 
were  sealed  to  different  depths.  Well  J  was  sealed  to  a 
depth  of  3  feet  and  well  E  to  only  1  foot.  The  difference 
in  conductivity  of  the  soil  should  have  affected  the  lag 
time  of  the  two  wells,  but  the  data  seem  to  confirm  the 
original  hypothesis.  Wells  H  and  1  were  installed  next  to 
station  3  for  the  same  purpose.  Well  H  was  3  feet  deep 
and  sealed  to  1  foot.  Well  I  was  sealed  to  a  depth  of  3 
feet  and  was  9  feet  deep.  Well  G,  halfway  between  these 
two  paris  of  wells,  was  3  feet  deep  and  sealed  to  1  foot. 
Wells  K  and  L,  at  piezometer  locations  7  and  8, 
respectively,  in  plot  No.  3,  were  9  feet  deep  and  sealed 
to  1  foot. 

Figure  35  shows  changes  in  water  table  elevations  at 
wells  C,  D,  E,  and  J.  The  water  table  responded  first  at 
wells  C  and  D,  rising  slowly  until  1530  hr.  when  its  rise 
increased  sharply.  At  well  D  the  water  level  rose  higher 
than  at  C  and  reached  the  ground  surface  a  few  minutes 
after  the  rain  ended.  On  such  steep  slopes  as  this,  a  water 
table  that  is  3  inches  below  the  surface  at  a  well  may  be 
at  the  surface  ordy  a  few  inches  downslope.  The  abrupt 
end  of  its  rise  and  the  fact  that  the  water  table  remained 
at  this  level  throughout  the  ensuing  large,  natural  strom 
indicate  that  the  level  of  the  water  table  at  well  D  was 
controlled  by  outflow  from  the  ground  surface.  This  was 
confirmed  by  runoff  data  and  by  observation  of  the 
slope  during  the  storm. 

In  the  middle  of  the  slope,  wells  E  and  J  began  to 
respond  slowly  in  the  first  hour  of  the  storm.  After  90 
minutes  of  rain,  however,  the  water  level  in  well  E 
(perforated  to  within  1  foot  of  the  surface)  began  to  rise 
much  faster  than  the  water  level  in  well  J.  By  the  end  of 
the  storm,  the  difference  between  the  two  levels  was  2 
feet  and  was  increasing  rapidly.  However,  it  is  not 
apparent  from  these  data  that  a  perched  water  table  had 
developed.  The  different  responses  of  the  two  wells  may 
have  been  caused  by  a  difference  in  the  lag  times  of  the 
wells,  caused  in  turn  by  differences  in  the  permeabilities 
of  the  silt  loam  and  sandy  loam. 

Figure  35  does  contain  some  information  that 
suggests  the  development  of  a  perched  water  table.  The 
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Figure  34.— Map  of  the  trenched  hillside  showing  wells  G,  H,  I,  J,  K,  and  L,  installed  in  the  summer  ot  lybB. 


piezometers  at  depths  of  4  and  2  feet  contained  water 
when,  according  to  the  wells,  the  water  table  was  2  and 
3.5  feet  below  them  respectively.  As  soon  as  free  water 
was  measured  in  the  2-foot  piezometer,  the  water  table 
in  well  E  (which  could  be  supplied  directly  by  the  upper 
sandy  loam  horizon)  began  its  rapid  rise.  These  ground- 
water data,  together  with  the  soil  moisture  data 
collected  in  the  storms  of  October  1967,  are  taken  as 
evidence  of  the  development  of  a  perched  water  table  in 
the  upper  horizon  of  the  soil. 

No  water  was  measured  in  the  3-foot-deep  well  at 
location  G  during  the  storm,  but  between  1545  and 
1612  hr.  the  water  table  rose  at  least  0.4  foot  into  the 
well.  This  suggests  that  the  perched  water  table  began  to 
develop  as  high  as  this  well  by  the  end  of  the  storm. 
Further  upslope  at  wells  H  and  1  no  water  was  recorded. 

Changes  in  piezornetric  /ei'e/.— Piezometric  data  in 
figure  35  show  the  same  pattern  as  in  the  October  25 
storm,  except  that  the  initial  response  was  later  in  the 


July  storm  because  of  the  drier  antecedent  conditions. 
At  station  1,  the  4-,  6-,  8-,  and  10-foot  piezometers  did 
not  respond  during  the  storm.  In  the  2-foot  piezometer, 
which  was  dry  at  the  beginning  of  the  storm,  free  water 
was  measured  for  the  first  time  after  102  minutes  of 
rain.  The  fact  that  the  water  table  reached  the  bottom  of 
the  piezometer  20  minutes  earlier  indicates  the 
piozemeter's  response  time.  The  lower  permeability  of 
the  silt  loam  present  at  that  depth  presumably  caused 
the  lag.  Maximum  pressure  at  this  level  was  recorded  10 
minutes  after  the  rain  ended,  before  a  slow  recession 
began. 

At  location  2,  no  pressure  change  was  recorded  at  the 
6-,  8-,  and  10-foot  depths.  In  the  4-foot  piezometer, 
which  was  initially  dry,  water  began  to  rise  slowly  after 
76  minutes  of  rain.  The  water  level  in  the  2-foot 
piezometer  began  to  rise  rapidly  after  90  minutes  and 
continued  to  rise  slowly  after  the  storm  ended.  Through- 
out its  rise  the  water  level  in  this  piezometer  was  above 
the  water  table. 
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l-iRnrc  35. -Data  from  wells  C,  D.  E,  and  J  and  piczometric  data  from  stations  1  and  2  in  the  concave  plot 

during  the  artificial  slonn  of  July  17,  1968. 

Runoff    mcuxiirpmonts.-Kuwod    data     from     the  beginning  of  irrigation  was  0.05  g.p.ni.  (Tile  No.  2-2 

coneave  plot  during  this  arliliciai  storm  are  presented  in  was  not  functioning  during  this  storm,  becausi;  of  a  leak 

figure  36,  which  covers  the  period  from  the  beginning  of  in  the  wall  that  cut  off  flow.) 

the  artificial  storm  to  th(;  beginning  of  th<-  natural  slomi  Discharge  from  tile  No.  2-3  increased  slowly  when 

at  162H  hr.  The  discharge  rate  from  tile  No.  2-3  at  the  the   water  table  at   well   C   began  to  respond.  The  rise 
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Figure  36. -Rainfall  and  nnioff  data  from  plot  no.  2  (concave)  during  the  artificial  storm  of  July  17,  1968.  Tilt-  no.  2-2,  which 
drained  the  base  of  the  root  zone  was  not  operating  during  the  storm. 


continued  throughout  the  storm,  but  by  the  tune  the 
natural  storm  began  the  discharge  rate  was  only  0.14 
g.p.m.  and  only  14  gallons  of  stormflow  were  measured 
in  the  150-minute  period. 

Water  deposited  directly  in  the  channel  by  the 
sprinklers  was  the  only  flow  recorded  in  channel  No. 
2-1  during  the  first  70  minutes  of  the  storm.  After  70 
minutes  the  flow  began  to  increase  sharply  reaching  a 
peak  of  6  g.p.m.  at  the  end  of  the  rainfall  period,  before 
declining  rapidly.  This  flow  originated  as  subsurface  flow 
issuing  at  the  base  of  the  concavity  where  the  sandy 
A-horizon    of    the    soil    was   shallow.    Antecedent   soil 


moisture  conditions  were  much  drier  than  before  the 
storm  of  October  25,  so  this  "return  flow"  began  later  in 
the  storm  and  supplied  runoff  at  a  maximum  rate  of 
only  6  g.p.m.  The  total  stormflow  produced  by  return 
flow  was  only  one-tenth  as  much  as  that  produced  in  the 
October  storm,  although  40  percent  more  rainfall  fell  in 
the  storm.  Overland  flow  was  observed  on  the  groimd 
surface  only  below  well  D. 

Plot  No.  3  (Straight) 

In  the  storm,  1.98  inches,  or  8,800  gallons,  of  water 
fell  on  this  plot.  When  the  rain  began,  the  water  table  at 
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the  base  of  the  slope  lay  7.4  feet  below  the  surface,  and 
the  depth  to  the  water  table  at  the  midpoint  of  the  slope 
was  greater  than  10  feet.  The  water  table  elevations  and 
piezometric  levels  did  not  change  until  after  the  natural 
storm-ended.  No  storm  runoff  was  produced  on  this  plot 
before  the  natural  storm. 

SIGNIFICANT  FINDINGS  FROM  ARTIFICIAL 
STORMS  ON  THE  TRENCHED  SLOPE 

The  four  artificial  storms  on  the  trenched  slope 
covered  a  wide  range  of  frequencies  and  antecedent 
conditions.  They  complemented  data  from  natural 
storms  by  showing  the  reaction  of  trenched  slopes  to  a 
variety  of  extreme  rainfalls. 

The  major  part  of  the  slope  did  not  contribute 
significant  amounts  of  runoff  to  the  channel.  Hortonian 
overland  flow,  generated  when  rainfall  intensity  exceeds 
the  soil's  infiltration  capacity,  did  not  occur  on  .these 
slopes  under  the  conditions  of  rainfall  intensity  and 
duration  studied.  In  the  rare  storm  that  does  generate 
flow  from  these  slopes,  runoff  production  occurs  on 
restricted  areas  where  the  water  table  rises  to  the  ground 
surface  during  a  storm.  Slope  shape  and  position, 
geology  and  soil  morpholog>'  seem  to  control  the  area 
from  which  stormflow  can  occur,  because  they  are 
associated  with  the  initial  depth  to  water  table,  a  major 
factor  controlling  runoff  production. 

The  mechanisms  of  runoff  production  observed  on 
this  slope  differed  in  importance  for  flood  production  in 
the  river  channel  at  the  base  of  the  slope.  Although  deep 
groundwater  seepage  sometimes  responded  during  a  rain- 


storm, it  never  produced  enough  flow  to  significantly 
increase  the  stage  of  the  stream  at  weir  WC— 2.  The 
maximum  discharge  recorded  from  the  lower  tiles  on  the 
hillside  during  an  irrigation  was  0.048  g.p.m.  per  lineal 
foot  of  hillside  from  the  concave  plot.  This  maximum 
was  recorded  in  the  irrigation  of  October  25,  1967, 
when  the  soil  was  abnormally  wet.  It  occurred  several 
hours  after  the  end  of  rainfall  and  only  a  small  portion 
of  the  total  stormflow  was  produced  in  this  way  (table 
14).  The  graphs  in  figures  36,  37,  and  38  confirm  this 
conclusion. 

More  rapid  subsurface  flow  occurred  when  the  water 
table  rose  into  the  upper,  more  permeable  horizon  of  the 
soil,  or  when  a  perched  water  table  developed  over  an 
impending  layer.  This  mechanism  produced  flow  at 
higher  rates  than  those  from  the  lower  tiles  and  was 
more  sensitive  to  rainfall  duration  and  intensity.  Flow 
declined  within  a  few  minutes  of  the  end  of  rainfall.  The 
maximum  discharge  recorded  in  the  middle  tile  on  plot 
No.  2  was  0.116  g.p.m.  per  lineal  foot  of  hillside.  Tile 
No.  3—2  yielded  no  flow  during  irrigations.  During  the 
only  heavy  artificial  rainstorm  in  which  large  amounts  of 
shallow  subsurface  flow  occurred,  this  mechanism  con- 
tributed more  water  to  the  storm  hydrograph  than  did 
the  deeper  seepage.  The  form  of  the  hydrograph  from 
the  upper  level  was  closer  to  that  of  a  stream  hy- 
drograph. However,  the  amount  of  surface  runoff  over- 
shadowed the  peak  rate  and  amount  of  stormflow 
produced  by  this  process. 

Overland  flow  occurred  on  a  small  area  of  the  slope, 
where    the    permeable    A-horizon   of  the   soil   became 


Table  14.— Stormflow  (gallons)  produced  on  plots  2  (concave)  and 
3  (strai^t)  during  artificial  rainstorms' 


Date 

Oct.  5, 
1967 

Oct.  16, 
1967 

Oct.  25, 
1967 

July  17, 
1968 

Duration  of  storm  (hours) 

1 

2 

2 

2 

Concave  plot  (No.  2) 
Rainfall 

Surface  flow  (2-1) 
Flow  from  root  zone  (2-2) 
Deep  groundwater  flow  (2-3) 
Total  stormflow  from  plot  No.  2 

8,520 

0 

0 

83 

83 

9,430 
237 
105 
356 
698 

14,210 

2,311 

580 

920 

3,811 

19,930 

183 

? 

14 

197 

Straight  plot  (No.  3) 
Rainfall 

Surface  flow  (3-1) 
Flow  from  root  zone  (3-2) 
Deep  groundwater  flow  (3-3) 
Total  stormflow  from  plot  No.  3 

3,700 

0 

0 

9 

9 

4,010 

0 

0 

48 

48 

8.200 

0 

0 

160 

160 

8,800 
0 
0 
0 
0 

Stormflow  is  defined  as  total  flow  minus  base  flow  from  the  beginning  of  rainfall  to 
6  hours  after  the  end  of  rainfall  for  the  October  storms.  Stormflow  for  the  July  storm  is 
from  the  beginning  of  rainfall  until  Vi  hour  after  the  end  of  rainfall,  when  a  large,  natural 
rainstorm  began. 
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Fipjurc  37.— Cumulative  volumrs  of  stormflow  for  channel  no.  2-1  (surface),  tile  no.  2-2  (base  of  root  zone),  and  tiles  no.  2-3  and  no. 
3-3  (zone  of  perennial  groundwater  seepap)  during  and  after  the  artificial  rainsiorin  of  October  25,  1967.  In  thi.s  storm, 
14,210  gallons  of  water  I'ell  onto  plot  no.  2  and  8,200  gallons  fell  onto  plot  no.  3. 


saturated  lo  the  .siirtacc.  Tlii.'^  happened  in  the  central 
hollow  of  plot  No.  2  during  the  three  largest  rainstorms. 
Topography  favored  a  concentration  of  soil  drainage  and 
the  concave  form  caused  the  ground  surface  to  be  closer 
to  the  water  tahli'  than  at  a  comparable  distance  from 
the  stream  channel  on  lh<'  straight  slope.  Also,  a  less 
permeable  horizon  occurred  at  a  shallow  depth  in  the 
concavity. 

During  the  irrigation  of  ( )ctober  5,  storage  capacity  in 
the  soil  was  enough  to  absorb  all  the  water  without 
saturating  the  surface  horizon,  even  though  1  inch  of 
water  was  applied.  In  the  ,|uly  storm,  the  soil  was  dry 
enough  to  store  1.5  inches  of  rain  before  the  A-horizon 
ot   the  soil  in  the  lower  part  of  the  concavity   became 


saturated.  The  storm  of  October  25,  on  wet  soil 
conditions,  delivered  enough  rain  to  saturate  the  soil  to 
the  surface  over  a  strip  of  the  central  concavity  reaching 
up  to  the  position  of  well  (>  (fig.  34).  The  peak  discharge 
rate  of  42  g.p.m.  and  the  total  stormflow  of  2,311 
gallons  completely  dominated  the  outflow  hydrograph 
from  this  slo[)e. 

Figaires  39  and  40  show  the  combined  hydrographs 
rom  the  concave  plot  (No.  2)  during  the  artificial 
4orms  of  October  25  and  16,  respectively.  They 
demonstrate  how  completely  the  time  distribution  of 
rwnoll  troni  this  slope  was  dominated  b\  the  production 
of  overland    flow    over  a   small   area  of  the  slope.  Thi' 
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Fi^airc  38.— Cumulative  volumes  of  stormflow  for  channel  no.  2-1  (surface),  tile  no.  2-2  (base  of  root  zone),  and  tiles  no.  2-3  and  no. 
3-3  (zone  of  perennial  groundwater  seepage)  during  and  after  the  artificial  rainstorm  of  October  25,  1967.  In  this  storm, 
9,430  gallons  of  wat<-r  fell  onto  plot  no.  2  and  4.010  gallons  fell  onto  plot  no.  3. 

runoH  was  fxlrcmcl\  M-nsitivr  to  the  rcssation  of  rain-  store  water  without  becoming  saturated  to  the  surface 
lull,  arul  the  ri'ce.-^sion  littih  ol  the  li\  drograph  was  was  an  important  control  of  runoff  production.  Thus,  in 
stee[)er  than  the  rising  limb.  Overland  flow  did  not  occur  the  storm  of  October  5,  1  inch  of  rain  produced  no  real 
on  the  .straight  plot  (No.  3),  where  topography  and  soils  "storm  runoff".  In  the  July  storm,  2.4  inches  of  rain 
did  not  favor  shallow  water  tables,  convergent  flow,  or      produced  little  stormflow.  In  the  October  25  storm,  16 

percent  of  the  rainfall  on  plot  No.  2  ran  off  within  2 
hours.  In  the  same  period,  plot  No.  3  produced  no 
stormflow  because  its  soil  had  a  much  greater  storage 
capacity.  The  threshold  magnitude  of  rainfall  at  which  a 
slope  would  produce  significant  overland  flow  on  a  given 
day  was  much  higher  on  the  straight  slope  than  on  the 
concave  slope. 


saturation  of  the  soil  profile.  Therefore,  the  stormflow 
[)roduci'd  fjii  this  sloj)!-  was  negligible.  (Tlie  importance 
of  an  area  as  a  producer  of  storm  runoff  depended  on  its 
ability   to  generate  oxcrland  flow.) 

The  differences  in  res[)onse  of  the  two  [dots  and 
between  the  storms  that  did  or  did  not  produce  overland 
flow  demonstrated  the  importance  of  the  storage  capac- 
ity of  soils.  Even  when  measurable  quantities  of  shallow 

subsurface  flow  were  produced,  the  soil  drastically  RUNOFF  PRODUCTION  DURING  NATURAL 
reduced  the  amounts  and  sensitivity  of  the  outflows.  STORMS  FOLLOWING  ARTIFICIAL  STORMS 
The  importance  of  the  soiPs  storage  capacilv   indicated  ON  THE  TRENCHED  SLOPE 

the   signiricanc<'   of  antecedent  moisture  conditions.  In 

soils   with   infiltration   capacities  greater   than    the  \asl  Two  of  the  artificial  storms  were  ft)llowed  shortly  by 

majoritv   of  rainfall  intensities,  the  abilitv   of  the  soil  to      larw    natural    storms    of    shorter    duration    ami    hi'dier 
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Figure  39.— Combined  hydroiijaph  of  flows  from  the  concave  slope  during  and  after  tiic  1.72-ineh  artificial  storm  of 
October  25,  1967.  Channel  no.  2-1  is  the  surface  channel;  tile  no.  2-2  drains  the  base  of  the  root  zone;  tile  no. 
2-3  drains  the  zone  of  perennial  groundwater  seepage. 


intensity  than  the  artificial  storms.  They  occurred  on 
much  wetter  antecedent  conditions  than  those  normally 
encountered  by  intense  summer  rains. 

STORM  OF  OCTOBER  26,  1967 

This  storm  began  10  hours  after  the  end  of  the  2-hour 
artificial  rainstorm  of  October  2.5.  The  total  amount  of 
rainfall  was  0.88  inch.  Figure  41  shows  that  the  rainfall 
intensity  throughout  most  of  the  storm  was  low  (0.25 
inch  per  hour).  One  6-niinute  period  of  rainfall  at  an 
intensity  of  2  inches  per  hour  produced  most  of  the 
runoff  measured  on  the  trenched  slope  and  in  the  stream 
channel.  Storms  of  this  magnitude  have  a  return  period 
of  less  than  I  year. 


Plot  No.  2  (Concave) 

Runoff  rates  and  water  table  elevations  on  the 
trenched  slope  were  receding  after  the  artificial  storm 
when  the  natural  storm  began  at  0038  hr.  Discharge 
from  tile  No.  2—3  had  just  begun  a  slow  recession  and 
was  1.99  g.p.m.  at  the  beginning  of  rainfall.  Flow  from 
tile  No.  2—2  had  declined  to  0.14  g.p.m.  and  surface 
runoff  had  ceased.  However,  the  water  table  at  wells  C, 
D,  and  E  was  still  close  to  the  surface.  Depths  to  the 
water  table  at  these  three  stations  were  0.95  foot,  0.4 
foot,  and  1.6  feet  respectively. 

Changes  in  water  table  elevation.— The  water  table  at 
wells  (",  D,  and  F  began  to  rise  at  about  0200  hr.  after 
0.2  inch  of  rain  had  fallen  (Fig.  41).  The  rise  in  each  well 
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Figure  40.— Combined  hydropraph  of  flows  from  the  concave  slope  durinjj;  and  after  the  1.14-incli  artificial  storm  of 
October  16.  1967.  Channel  no.  2-1  is  the  surface  channel;  tile  no.  2-2  drains  the  base  of  the  root  /one;  tile  no. 
2-.T  drains  the  zone  of  perennial  groundwater  seepagi-. 

was  ?l()\v.  bfcausc  of  the  low  rainfall  iiitensily.  By  the  Runoff    measurements.— Thr    reaction    of    the    flow 

time  of  the  main  burst  of  rainfall,  the  water  table  was  at  from   tile  No.  2— -3  to  this  rainfall  was  measurable  but 

the  surface  of   llic   izround  o\er  the  Iow(t  [)art  of  thi-  very   small   (fi{^.   42).  The  discharge  rate  rose  from   1.9 

central  conca\il\ .   At  the  wells,  the  water  table  did  not  g-p.m.  at  0200  hr.  to  a  peak  of  2.26  g.p.m.  at  the  end  of 

ri>e  abru|itl\  during  the  period  of  intense  rainfall.  rainfall,  before  declining  slowly. 

Changes    of  pirzomrlric    /lead.— Water   levels  in    the  The  storm  flow  from  tile  No.  2—2  at  the  base  of  the 

pie/onieiers  at   dipth.s  of  \  or  more  continued  to  rise  root  zone  was  small,  but  was  much  more  responsive  to 

.xlowly  during  and  aflir  the  natural  storm.  There  was  no  changes  of  rainfall  intensity  than  was  the  deeper  sepage. 

rapid  response  to  the  intense  burst  of  rainfall.  During  the  Flow  from  the  tile  had  almost  ceased  by  the  time  the 

initial  period  of  low-intensity  rainfall,  the  water  in  the  natural  rainfall  began.  At  0200  hr.,  after  0.2  inch  of  rain 

2-loot   piezometers  at  stations  1  and  2  rose  slowly  (fig.  had  fallen,  and  approximately  when  the  water  table  at 

41 ).  This  slow  rise  conlirnied  throughout  the  storm  at  well  (!  rose  into  the  sandy  A-horizon  of  the  soil,  the  flow 

location   1.  At  location  2,  however,  where  the  soil  was  from   this   tile  began  to  increase.  The  main  rise  of  the 

mori-  [)erm<able  at  this  level,  the  rate  of  rise  increased  hydn^graph  occurred  as  soon  as  the  intense  burst  of  rain- 

and  the  water  level  in  the  2-foot  [)i<'zometer  reached  a  fall  began.  Discharge  rose  abruptly  to  a  peak  of  2  g.p.m. 

peak  at  the  end  ol  the  storm.  The  piezometric  head  at  a  3  mimites  after  this  burst  ended,  and  then  declined  (fig. 

de[)lli  of  2  feel  at  this  location  was  above  thi- water  table  42).    From    0200    to  0600  hr.,    190  gallons  of  nmoff 

e|e\ali()n  throughout  the  storm.  flowed  from  this  tile. 
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Figure  41. -Changes  in  piezometrie  and  water-table  elevations  on  the  concave  plot  (no.  2)  during  and  alter  tiie  natural 

storm  of  October  26,  1967. 

Mo.st    of   the  slormflow   produced   on   the   trenched  was  very    wet  and   onl\    0.25  inch  of  water  had  to  be 

slope  reached  the  base  of  the  hillside  as  overland  flow  added  to  the  soil  to  bring  the  water  table  lo  the  surface 

down  the  central  hollow  of  the  concavity.  A  total  of  462  in  some  small  areas  in  the  lower  j)art  of  the  eoncavit) . 

gallons   of  stormflow   was  produced   in   this  way.  The  Overland  flow  began  when  the  water  table  reached  the 

water   table   had    declined    only    to   shallow    depths  in  ground   surface  at  0200  hr.   Although   the  rate  of  dis- 

the  profile  after  the  artificial  storm  of  the  preceding  day  charge  from  channel  No.  2—1  was  small  between  0200 

(fig.   41).  The  unsaturated  zone  above  the  water  table  and  0327  hr.,  it  was  sensitive  to  small  fluctuations  of 
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Figure  42. -Rainfall  and  runott  data  from  plot  no.  2  (concave)  during  the  0.88-inch  storm 
of  October  26,  1967.  Channel  no.  2-1  is  the  surface  channel;  tile  no.  2-2  drains  the 
base  of  the  root  zone;  tile  no.  2-3  drains  the  zone  of  perennial  groundwater  .seepage. 

rainfall  inlcnsiU  .  Before  the  main  burst  of  rainfall,  the  intense  rain  on  October  26  uasonK  6  minutes,  the  peak 

area    over    which    the    water    table   intersected   the   soil  discharge  from  the  surface  charmel  was  oiiK  half  that  of 

surface  covered  most  of  the  central  hollow  of  plot  No.  2  the  preceding  dav  .  In  both  storms,  (low  rates  began  to 

below   well   K.   the  discharge   of  channel  No.  2—1  was  decline  rapidly    as  soon  as  the  intense  rain  ceased.  On 

already   rising  before  intense   rainfall   began.  When  the  October     26,     however,    a    period    of    low-intensity 

burst  occurred,  however,  the  rate  of  discharge  increased  precipitation    followed     the    main    burst,    causing    the 

from  2.8  g.p.m.   to   21    g.p.m.  within   6  minutes.  This  reces-sion  side  of  the  hydrograph  to  be  less  steep  than  the 

water  flowi-d  as  a  stream,  6  to  10  feet  wide,  down  the  rising  limb.  Surface  hydrographs  from  artificial  stomis, 

center    of    the    hollow    below    well    E.    This    flow^    was  iu    which    rain    ended    abruptly,    had    sleeper   recession 


identical  iti  origin  to  the  o\<Tlaiid  (\o\\  produced  during 
the  large  aritificial  .storms. 

The  intensity  of  the  main  burst  of  rainfall  in  tin- 
natural  storm  was  slighlh  greater  than  that  of  the 
y)revious  artificial  sLorm.  Therefore,  the  rate  of  rise  of 


limbs  than  risiuij;  lindis. 


Plot  No.  3  (Straight) 


The  straight   hillside  produced  no  significant  storm- 
flow  during  the  natural  storm  of  October  26.  Piezomet- 


llie    liN  (Irograph    was    greater.    Because    the    period    of     ric  levels  at  station  8  (fig.  3)  rose  1   foot  during  the  2 
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hours  after  the  intense  part  of  the  storm,  indicating  the 
rate  of  percolation  through  the  sandy  soil  to  a  water 
table  that  was  approximately  5  feet  below  the  ground 
surface.  The  deep  soil  was  able  to  store  the  rain  without 
producing  any  stormflow.  Piezometric  levels  at  station  7 
continued  their  slow  rise  that  had  begun  in  the  artificial 
storm,  10  hours  earlier. 

No  surface  flow  was  measured  on  this  plot.  The 
discharge  rate  from  deep  seepage  into  tile  No.  3-.3 
continued  its  slow  rise  that  had  begun  in  the  artificial 
storm.  A  total  of  44  gallons  of  stormflow  was  measured 
in  tile  No.  3-2  between  0300  and  1000  hr.,  indicating 
that  the  water  table  in  this  plot  had  reached  a  position 
about  2  feet  below  the  ground  surface. 
50i- 


Channel  Runoff 

The  storm  hydrograph  at  WC-2  was  extremely 
sensitive  to  fluctuations  of  rainfall  intensity.  Because  the 
channel  above  WC-1  was  initially  dry,  runoff  from  it 
did  not  even  account  for  all  the  rain  falling  on  the 
channel  floor  and  supplied  only  a  small  portion  oi  the 
flow  measured  at  WC-2  (fig.  43).  The  trenched  slope, 
which  had  an  abnormally  high  antecedent  moisture  level, 
contributed  significant  amounts  of  stormflow.  Channel 
precipitation  contributed  enough  water  to  the  reach 
between  WC— 1  and  WC-2  to  account  for  the  rest  of  the 
stormflow  generated  until  15  minutes  after  the  peak  of 
the  hydrograph. 
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Figure  4.3. -<a)  Hydrographs  from  weirs  WC-1  and  WC-2;  (b)  rainfall  intensity; 
(c)  cumulative  amounts  of  channel  precipitation  and  stormflow  from 
hillside  and  channel  during  the  natural  storm  of  October  26,  1967.  Chan- 
nel no.  2-1  is  the  surface  channel  on  the  concave  slope  of  the  trenched 
hillside.  Tile  no.  2-2  drains  the  base  of  the  root  zone  in  the  same  plot. 
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STORM  OF  JULY  17,1968 

The  1.83-inch  storm  of  July  17,  1968.  began  24 
minutes  after  the  end  of  an  artificial  storni.  which  had 
contributed  2.41  inches  of  rain  to  plot  No.  2  and  1.98 
inches  to  plot  No.  3.  A  total  of  4.24  inches,  or  35.070 
gallons  of  rain  fell  on  the  concave  plot  (No.  2)  in  3  hours 
and  38  minutes.  The  corresponding  amounts  on  plot  No. 
3  were  3.81  inches  and  16.940  gallons.  The  rainfall 
intensities  in  the  natural  storm  were  the  highest 
measured  during  this  investigation.  Of  the  two  major 
bursts  of  rain  that  occurred,  the  first  had  an  intensity  of 
3.15  inches  per  hour  and  Uisted  for  21  minutes,  and  the 
second  lasted  13  minutes  and  had  an  intensity  of  2.75 
inches  per  hour.  The  return  period  of  the  natural  storm 
is  approximately  50  \i'ars,  as  estimated  by  the  G umbel 
extreme-value  method  for  data  from  Burlington.  \  t. 
(54).  Antecedent  conditions  were  abnormalh  wet  for  an 
intense  summer  storm.  If  the  natural  and  artificial  storm 
are  considered  as  one  storm,  then  the  return  period  for 
the  combined  storm  is  several  hundred  years. 

Plot  No.  2  (Concave) 

Changes  of  water  table  elevations. —"^'ht^n  the  natural 
storni  began,  the  water  table  was  still  rising  at  wells  C 
and  E,  where  depths  to  the  saturated  zone  were  0.6  foot 
and  1.7  feet  respective!) .  At  well  D  the  water  table  was 
within  an  inch  of  the  ground  surface.  In  spite  of  the 
heavN  irrigation,  wells  0,  H,  and  I  were  still  dry. 

Soon  after  the  rain  began,  the  water  table  at  well  C 
reached  the  ground  surface,  where  it  remained  through- 
out the  storm  (fig.  44).  At  well  D  the  water  table 
remained  at  the  surface,  while  at  well  E  it  continued  to 
rise  .slowly  to  within  0.5  foot  of  the  surface  at  the  end  of 
rainfall.  At  wells  G  and  H.  the  soil  above  the  impeding 
layer  had  been  moistened  by  the  previous  irrigation. 
Therefore,  early  in  the  natural  storm,  perched  water 
tables  developed  m  the  permeable,  sandy  material  over- 
lying the  denser  horizon  at  depths  of  2.2  and  3  feet  at 
wells  G  and  H  respectively.  The  water  table  at  these 
locations  rose  rapidly  to  within  0.4  foot  of  the  surface  at 
well  G  and  to  within  1  foot  of  the  surface  at  well  H  (fig. 
45).  The  water  table  stood  progressively  closer  to  the 
surface  from  well  H  to  well  D.  Water  was  observed 
issuing  from  the  soil  surface  2  feet  downslope  from  well 
E  and  over  the  central  area  of  the  concavitv  between  the 
point  2  feet  downslope  and  the  trench. 

Changes  of  piezometric  head.— The  slow  rise  of 
piezometric  head  at  depths  of  4  or  more  feel  that  had 
begun  in  the  artificial  storm  continued  through  Julv  I  7. 
Figure  44  shows  the  responses  of  piezometric  head  at 
the  2-fool  depth  at  stations  1  and  2. 

Runoff  measurements.— The  natural  rainstorm 
reinforced  the  effect  of  the  preceding  irrigation  on  the 


outflow  from  tile  No.  2—3.  However,  stormflow  from 
this  depth  was  negligible  compared  with  that  produced 
bv  other  mechanisms.  Figure  46  shows  that  the  slow- 
increase  of  discharge  that  had  begun  during  the  irrigation 
accelerated  the  first  10  minutes  of  rainfall.  The  increase 
was  from  0.14  g.p.m.  to  a  maximum  of  0.99  g.p.m.  4 
hours  after  the  end  of  rainfall.  Stormflow  before  1800 
hr.  totalled  only  36  gallons. 

Surface  runoff  from  plot  No.  2  reached  the  highest 
level  recorded  during  the  stud)  .  The  return  of  subsurface 
flow  to  the  ground  surface  and  rapid  overland  floAv  over 
an  impen'ious  surface  where  the  water  table  was  at  the 
surface  of  the  ground  produced  this  runoff.  Runoff  in 
the  surface  channel  increased  from  0.45  g.p.m.  at  the 
beginning  of  the  storm  to  107  g.p.m.  at  the  end  of  the 
first  intense  burst  of  rain  30  minutes  later.  It  then 
declined  rapidly  to  5.5  g.p.m.  before  the  second  burst  of 
rain  caused  a  rise  to  95  g.p.m.  The  amount  of  surface 
nuioff  produced  before  1800  hr.  was  2,530  gallons,  16.7 
percent  of  the  plot  rainfall.  This  approximately  equaled 
the  surface  runoff  in  the  2-hour,  1.72-inch  stomi  of 
October  25,  1967,  which  occurred  when  the  soil  had 
drained  for  1  week  after  the  previous  heav)  rainfall.  The 
peak  discharge  on  October  25  was  39  percent  of  that  in 
the  July  storm,  from  a  rainfall  intensitv  that  equaled  27 
percent  of  the  maximum  measured  in  the  Julv  storm. 
Although  rainfall  intensity  is  an  important  control  of  the 
magnitude  and  timing  of  runoff  produced  b\'  this 
process,  the  duration  of  a  stonn  is  also  important.  The 
duration  controls  the  area  of  a  hillside  over  which  a 
water  table  can  contribute  subsurface  flow,  or  intersect 
the  ground  surface. 

Plot  No.  3  (Straight) 

Changes  of  ivater  table  elevation.— At  well  L  in  the 
middle  of  the  straight  slope,  the  water  table  began  to  rise 
from  a  depth  of  10  feet  at  the  end  of  the  artificial  storm. 
It  rose  gradually  through  the  natural  storm  to  4  feet 
below  the  ground  surface  72  minutes  after  the  rain 
ended.  In  well  K  at  the  base  of  the  slope,  the  water  table 
remained  below  7  feet  until  after  the  end  of  the  artificial  • 
rainstorm.  It  then  rose  throughout  the  natural  stonn  to 
2  feet  below  the  ground  surface  several  hours  after  the 
end  of  rainfall.  These  changes  demonstrated  the 
tremendous  damping  effect  of  unsatxirated  percolation, 
and  of  storage  in  the  saturated  and  unsaturated  phases  in 
a  deep  soil. 

Changes  of  piezometric  head.— Changes  of  piezo- 
metric head  at  locations  7  and  8  were  generally  the  same 
as  those  described  in  the  artificial  storms  of  October 
1967. 

Runoff  measurements.— The  straight  slope  produced  a 
negligible  amount  of  stormflow  even  under  the  extreme 
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Fif^ire  44.— Piezometer  data  from  stations  1  and  2  and  groundwater  elevations  from 
wells  C,  D,  and  E  in  the  concave  plot  during  and  after  the  1.83-inch  natural 
storm  of  July  17,  1968. 


conditions  of  July  17.  Overland  flow  was  observed  on 
small  areas  at  tfie  upper  end  of  this  plot.  A  thin  film  of 
surface  runoff  was  observed  on  the  very  steep  parts  of 
the  slope  (greater  than  100  percent),  which  were  bare  of 
vegetation.  However,  this  water  was  absorbed  into  the 
.soil  a  tew  leet  dowtislope,  in  grass-covered  areas. 

A  small  amount  of  runoff  emerged  from  tile  No.  3-2 
after  1650  hr.  It  probably  originated  as  lateral 
percolation  through  the  A-horizon  of  the  soil,  because 
the  water  table  in  well  K  was  still  5  feel  below  the  level 
of  this  tile.  Discharge  from  the  tile  rose  from  zero  at 
1650  hr.  to  a  maximum  of  1..34  g.p.m.  at  2230  hr.  This 
rise  was  accelerated  b<'tween  2000  and  2100  hr.,  when 
the  water  table  had  risen  to  the  level  of  the  tile.  Before 
discharge  ceased  at  0900  hr.  on  July  18,  736  gallons  of 


flow  emerged  from  tile  No.  3—2.  Only  6  of  these  gallons 
were  produced  before  1800  hr.-the  time  of  the  end  of 
the  storm  period  on  the  chatmel  hydrograph. 

Flow  from  tile  No.  3— 3  did  not  respond  to  the 
artificial  storm  until  the  natural  storm  had  begun.  The 
discharge  then  increased  gradually  from  0.01  g.p.m.  to  1 
g.p.m.  at  0230  hr.  the  next  morning,  but  it  did  not 
contribute  to  stormflow. 

Channel  Runoff 

The  hydrographs  in  figure  47  show  the  sensitivity  of 
channel  runoff  to  fluctuations  of  rainfall  intensity. 
Becaus<'  the  late  spring  and  early  summer  months  of 
1968  were  cloudy,  rainy,  and  cool,  the  channel 
contained  flow  at  WC-1.  Areas  of  channel  and  saturated 
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Figure  45.-Groundwatrr  elevations  at  wells  G,  H,  and  I  in  the  concave  plot  (no.  2)  during;  and 
alter  the  1.83-inch  natural  storm  of  July  17,  1968. 


boil  al  the  head  of  tlic  channel  shed  large  amounts  of 
runol'f,  so  that  the  flow  from  WC— I  was  an  important 
contributor  to  the  discharge  from  WC— 2  (fig.  48). 
Between  WC-1  and  WC-2,  the  whole  floor  of  the 
stream  depression  was  covered  by  the  stream.  Surface 
flow  from  the  concave  plot  (No.  2)  on  the  trenched 
hillside  was  also  a  major  source  of  runoff,  yielding  15 
peri-ent  of  the  stormflow  added  to  the  reach  before 
1800  hr.  Channel  precipitation  supplied  almost  10 
percent  of  the  stormflow  pa.ssing  WC-2  by  the  end  of 
rainfall,  or  25  percent  of  the  storm  runoff  generated 
between  WC-1  and  WC-2.  By  1800  hr.  these  figures 
had  fallen  to  9  percent  and  21  percent  respectively. 
Much  of  lh<'  remainder  of  the  runoff  generated  l)etwe(Mi 
the  weirs  probably  ran  off  the  channel  bank  areas  and 


the  roof  of  the  trench.  The  roof  of  the  trench  shed  900 
gallons  of  water  during  the  storm.  Almost  the  same 
amount  fell  onto  the  bank  areas  of  the  stream  between 
WC— 1  and  WC— 2.  (These  banks  had  been  irrigated  by 
the  sprinkler  system  earlier  in  the  afternoon.) 

SIGNIFICANT  FINDINGS  FROM  NATURAL  STORMS 

FOLLOWING  ARTIFICIAL  STORMS  ON  THE 

TRENCHED  SLOPE 

Even  under  these  conditions  of  rainfall  with  a  return 
period  of  hundreds  of  years  and  high  antecedent 
moisture  levels,  the  infiltration  capacity  of  the  soil  was 
not  exceeded.  Overland  flow,  generated  bv  the  process 
described  by  llorlon,  did  not  contribute  any  signiflcant 
runoff    to    the    stream     channel.    Overland    flow    was 
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46. -Rainfall  and  runofl  data  from  plot  no.  2  (concave)  in  the  natural  storm 
of  July  17,  1968.  An  artificial  storm  ended  at  1600.  Channel  no.  2-1  is  the 
surface  channel.  Tile  no.  2-3  drains  the  zone  of  perennial  <;ronnd\vatcr  seepage. 
Tile  no.  2-2,  which  drains  the  base  of  th<>  roof  zone  was  not  operating  during 
this  storm. 


produced  only  on  the  portions  of  the  hillside  where  the 
topsoil  became  saturated  throughout  its  depth.  Water 
displaced  from  the  topsoil  and  (lowing  a  few  inches 
within  the  soil  returned  to  the  ground  surface  as  over- 
land flow. 

Because  the  rainfall  intensity  did  not  exceed  the  soil's 
infiltration  capacity,  the  mjijor  determinant  of  runoff 
production  was  the  magnitude  of  the  suhsurface  storage 
capacity  on  various  [tarts  of  the  slope.  The  depletion  of 
subsurlace  storage  capacity,  and  the  contribution  of 
"return  flow"  and  direct  precipitation  onto  the 
saturated  area  occurred  only  in  the  central  hollow  of  the 
concave  plot.  Therefore,  a  small  portion  of  the  hillside- 


supplied  large  amounts  of  runoff  to  the  stream  channel. 
The  absence  of  a  large  storage  capacity  caused  this  run- 
oif  to  be  extremely  sensitive  to  changes  of  rainfall 
intensity. 

Water  that  remained  in  the  soil  did  not  contribute 
significant  amounts  of  runoff  to  the  storm  hydrograph. 
Although  flow  from  the  root  zone  was  sensitive  to 
changes  of  rainfall  intensity  (fig.  42),  its  magnitude  was 
negligible.  Contributions  from  deep  seepage  were  too 
small,  too  late,  and  too  insensitive  to  changes  of  rainfall 
intensity  to  produce  stormflow.  Conse(|uently,  no 
significant  storm  runoff  was  [>roduced  where  the  water 
table    (lid    not    reach    the   ground  surface.   Despite   the 
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Figure  47.— Rainfall  and  runoff  at  weirs  WC-1  and  WC-2  during  and  after  the  1.83-inrh  natural  storm  of  July  17,  1968. 


extreme  conditions  of  antecedent  moisture  and  rainfall, 
the  deep  soils  of  the  straight  slope  and  parts  of  the 
concave  slope  absorbed  all  the  rain  falling  onto  them  and 
stored  it  to  release  it  slowly  throughout  the  succeeding 
weeks.  In  the  storms  studied,  therefore,  the  stonn 
hydrograph  was  never  supplied  by  more  than  about  10 
percent  of  the  area  of  the  two  irrigated  plots. 

RUNOFF  PRODUCTION  DURING 

ARTIFICIAL  STORMS  ON  THE 

CHANNEL  AREA 

Data  from  natural  storms  have  shown  that  water 
falling  onto  the  stream  channel  could  account  for  the 
major  part  of  storm  runoff  from  the  Happy  Valley 
Watershed.  Four  artificial  storms  were  produced  on  a 
strip  of  land  along  the  channel  to  observe  the  reaction  of 
flow  from  the  channel  area  when  the  remainder  of  the 
watershed  was  not  producing  any  storm  runoff. 


PROCEDURE 

The  600-foot  reach  of  channel  irrigated  extended 
from  the  head  of  the  stream  to  gaging  station  WC— 3. 
Sprinkler  heads  were  placed  every  30  feet  along  a  pipe 
laid  down  the  center  of  the  channel.  Because  of  the 
varying  width  of  the  stream,  the  strip  of  irrigated  land 
on  either  side  of  the  channel  ranged  from  15  to  40  feet. 
The  total  area  irrigated  was  35,000  to  40,000  square 
feet.  Rainfall  was  measured  in  44  rain  gages  in  this  area. 
The  amount  of  rainfall  was  estimated  from  isohyetal 
maps.  The  decrease  of  rainfall  from  the  line  of  sprinklers 
to  the  streambank  was  slight.  The  rainfall  gradient  was 
stronger  beyond  the  bank  of  the  depression  in  which  the 
stream  flowed.  The  only  other  data  collected  during 
these  storms  were  the  gage  records  at  stations  WC— 1, 
WC— 2,  and  WC— 3.  The  whole  floor  of  the  depression 
was  covered  with  water  during  these  storms  and  the  total 
area  of  this  floor  was  known. 
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■"igure  48. -Cumulative  volumes  of  stormflow  at  WC-1,  WC-2,  and  channel  no.  2-1,  and 
cumulative  volume  of  channel  precipitation  occurring  in  the  reach  between  WC-1 
and  WC-2  in  the  1.83-inch  natural  storm  of  July  17,  1968. 


EVENTS  STUDIED 

Table  15  lists  the  durations  and  intensities  for  each 
separate  reach  of  channel  during  the  four  artificial 
storms.  The  data  represent  rain  falling  into  the  stream 
depression  only.  Intensities  of  rain  falling  on  the  banks 
were  less  than  those  in  table  15. 


RESULTS  AND  DISCUSSION 

Hydrographs  produced  by  artificial  storms  (figs.  49, 
50,  51,  and  52)  had  many  features  similar  to  those  from 
natural  storms.  The  stream  began  to  rise  within  1  minute 
of  the  onset  of  rainfall,  and  rose  rapidly  but  at  a 
decreasing  rate  to  a  peak  at  the  end  of  rainfall.  Several 
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Table  15.— Duration  and  intensity  of  rainfall  in  the  channel  reaches  during  artificial  rainstorms  on  the  channel  area 


Reach  of 

June  14, 1968 

June  25, 1968 

July  1.  1968 

June  27,  1968 

channel 

Duration 

Intensity 

Duration 

Intensity 

Duration 

Intensity 

Duration 

Intensity 

Above  WC-1 
WC-1  -  WC-2 
WC-2  -  WC-3 

Hours 
0.5 
.5 
.5 

In.  Ihr. 

0.46 

..56 

.56 

Hours 

1 
1 
1 

In.  Ihr. 

0.63 

.67 

.57 

Hours 
■2 
2 
2 

In.  Ihr. 

0.52 

.45 

.45 

Hours 
6 
6 
6 

In.  Ihr. 

0.54 

.55 

.51 

Approximate 
return  period 

Less  than  1  year 

Less  than  2  years 

2  years 

More  than  100  years 

minutes  after  the  rain  ended,  the  stream  began  to  decline 
even  more  rapidly  than  it  had  risen.  At  stations  WC— 1 
and  WC— 2  the  lag  between  the  peak  discharge  and  the 
end  of  rainfall  was  from  zero  to  5  minutes,  but  at  WC— 3 
it  ranged  from  3  to  12  minutes.  Hydrographs  from  these 
artificial  storms  resembled  those  from  natural  storms 
that  ended  abruptly,  in  that  the  recession  limb  of  the 
hydrograph  was  steeper  than  the  rising  limb  during  the 
initial  fall  from  the  peak  discharge.  No  "inflection 
point"  was  discernible  in  the  recession  segment  of  any  of 
the  hydrographs. 

The  major  difference  between  these  hydrographs  and 
those  from  natural  storms  was  the  duration  of  the  three 
larger  artificial  storms.  No  single-peaked  hydrograph  had 
previously  been  produced  by  a  rain  lasting  1  hour  or 
longer.  Most  of  the  hydrographs  recorded  in  natural 
storms  were  produced  by  intense  bursts  of  rain  lasting 
less  than  30  minutes.  The  artificial  storms  were  less 
intense  (0.45  to  0.67  inch  per  hour  over  the  channel 
area)  than  most  of  these  bursts. 

The  increased  duration  of  rain  of  uniform  intensity' 
allowed  the  rate  of  rise  of  the  hydrograph  to  decrease 
with  time  until,  by  the  end  of  the  6-hour  rainfall,  the 
increase  of  stage  during  the  final  30  minutes  of  rain  was 
approaching  the  limits  of  sensitivity  of  the  FW— 1  stage 
recorder.  The  hydrographs  suggest  that  the  runoff 
process  was  approaching  a  steady  state  in  which  the  rate 
of  runoff  would  equal  the  rate  of  rainfall  over  the  area 
being  irrigated.  Izzard  (24),  describing  runoff  from 
impervious  surfaces,  presented  hydrographs  that 
resemble  those  from  the  artificial  rainstorms.  Table  16 
lists  the  rate  of  rainfall  over  the  whole  irrigated  area 
above  each  weir  (measured  from  isohyetal  maps)  and  the 
peak  rates  of  slormflow  at  the  weir.  The  ratio  of  the 
rates  of  stormflow  and  rainfall  tends  to  approach  unity 
as  the  duration  of  the  storm  increases.  In  the  longer 
irrigations,  the  rainfall  rates  above  WC-2  and  WC-3 
seem  to  have  been  underestimated.  We  would  expect  the 
flow  from  these  two  lower  weirs  to  approach  a  steady 
state  earlier  than  that  from  WC-1  because  the  pro- 
portion   of  the   irrigated   area  covered   by    the  channel 


increased  from  about  10  percent  above  WC— 1  to  19 
percent  above  W'C— 3.  Also,  much  of  the  water  falling 
onto  the  wet  banks  of  the  stream  depression  between 
W'C— 1  and  WC— 3  was  obsened  running  directly  into  the 
channel.  Therefore,  there  was  less  storage  in  these  two 
reaches  than  in  the  irrigated  area  above  WC— 1.  In  this 
upper  reach,  a  larger  portion  of  the  rain  fell  onto  deep, 
permeable  soils  and  entered  the  channel  as  slower 
seepage.  Comparison  of  the  shapes  of  the  hydrographs 
and  particularly  the  recession  curves  from  the  various 
weirs  reflects  this  difference. 

In  the  formation  of  storm  hydrographs,  channel 
precipitation  was  dominant  in  the  shorter  irrigations  and 
became  less  important  in  the  longer  ones.  (This  agreed 
with  observations  on  natural  storms.)  The  initial  rapid 
response  of  the  hydrograph  to  rainfall  was  caused  by 
water  falling  close  to  the  gaging  station  on  the  stream 
surface.  Storage  capacity  in  the  stream  channel  was  less 
than  in  the  soil  of  the  surrounding  stream  banks,  and 
channel  velocities  (960-2,500  feet  per  hour)  were  greater 
than  those  of  sheet  flow  and  porous  media  flow  from 
the  banks.  Velocities  of  subsurface  flow  were  only  about 
1  foot  per  hour.  Therefore,  runoff  of  water  falling  onto 
the  saturated  floor  of  the  stream  depression  came  to  a 
steady  state  more  quickly  than  runoff  from  lateral 
inflows.  As  the  storm  duration  increased,  more  of  the 
water  supplied  to  the  stream  originated  as  lateral 
inflows.  Figure  53  shows  the  ratio  of  the  rate  of  channel 
precipitation  above  W^C-1  to  the  peak  rate  of  runoff  at 
the  weir  for  artificial  storms  of  different  durations.  In 
storms  of  short  duration,  the  major  part  of  the  hy- 
drograph was  formed  by  channel  precipitation.  As 
storms  last  longer  than  3  to  4  hours,  the  curve  in  figure 
53  flattens  out,  indicating  that  bank  seepage  from  the 
irrigated  area  was  also  approaching  a  steady  state. 

The  term  "lateral  inflows"  covers  several  processes 
whose  individual  contributions  are  not  known.  The 
flows  came  from  several  sources.  The  first  was  seepage 
through  the  banks.  However,  data  from  artificial  storms 
on  the  trenched  hillside  suggest  that  even  m  the 
permeable  topsoil,  this  flow  responded  slowly  to  rainfall 
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Figure  49. -Channel  ninolT  data  from  stations  WC-1,  WC-2,  and  WC-3  during  and  after  the 
half-hour  irrigation  of  the  channel  area  on  June  14,  1968. 

and  was  not  as  sensitive  as  channel  runolT  to  fluctuations  close  to  the  channel.  In  small  areas  where  the  water  tahle 

of  rainfall  intensity.  (Data  from  irrigation  of  the  channel  reached  the  ground  surface  during  irrigation,  rapid  run- 

and   from   natural   rainstorms  confirm  this  conclusion.)  off    was    produced    hy    channel    precipitation    onto    a 

Another    source    of   lateral    inflow    to    the    two    upper  saturated  area. 

reaches  was  the   roof  of  the  trench.  Kunoff  from  this  The  trend   for  WC— 1  occurred  also  in  data  from  the 

source  probablv  reached  the  channel  by  overland  flow  in  lower  weirs.  Table  17  lists  the  peak  rale  of  stormflow  at 

some    areas,   and   by    infiltration   and  seepage.  A   third  each  weir  and  the  rate  of  supply  of  channel  precipitation 

source  of  runoff  was  overland  flow  over  short  distances  above   that  weir.  The  ratio  of  channel  precipitation  to 
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"ij^ro  50.— Channel  runofi  data  from  stations  WC-1,  WC-2,  and  WC-3  during  and  after  the  one-hour  irrigation 

of  the  channel  area  on  Juno  25,  1968. 


peak  slorinflow  rate  was  (roncrally  smalliT  al  WC— 2  and 
WC— 3  than  al  \V(^— 1.  Although  channel  area  comprised 
a  larger  portion  of  the  total  irrigated  area  above  these 
weirs  than  ahove  \V(^— 1,  contributions  from  the  banks 
and  marshy  areas  formed  a  larger  portion  of  stormflow 
al  the  lower  weirs  than  in  the  upper  reach.  This  would 
be  exftected  because  the  banks  along  the  reach  betwe(;n 
Wd— 1  and  WC— 2  were  steep  and  perennially  wel,  and 
the  stream  Ix-tween  WC— 2  and  WC— 3  were  Hanked  by  a 
[XTmanenlly  satural(;d  marsh.  The  bank  ar(;as  above 
WC  — 1    were   well   drained.  Table   17  also  indicates  'Toss 


average  lateral  inflows  to  ihe  stream  above  each  weir  at 
the  peak  of  each  storm.  Differences  in  those  con- 
tributions reflect  the  differences  in  the  areas  flanking  the 
stream. 

Contributions  of  channel  precipitation  to  total 
volumes  of  stormflow  also  became  less  significant  as  the 
duration  of  the  storm  increased.  Figure  54  shows  the 
percentage  of  stormflow  supplied  by  channel 
[)recipitation  in  the  reach  above  WC— 1  during  storms  of 
different  durations.  The  upper  curve  represents  the 
amount  of  channel  precipitation  as  a  percentage  of  the 
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Figure  51.— Channel  runoff  data  from  stations  WC-1,  WC-2  and  WC-3  during  and  after  the  two-hour  irrigation 

of  the  channel  area  on  July  1,  1968. 

\      . 
amount  of  stormflow  up  to  the  time  of  peak  discharge,      reduced,  but  even  in  the  6-hour  storm,  it  suppHed  36 

The  lower  line  shows  the  ratio  of  channel  precipitation  percent    of   the    stormflow    at    WC— 1    before    the    rain 

to  stormflow  occurring  up  to  1  hour  after  the  end  of  ended.  Similar  relationships  were  derived  for  the  flows  at 

rain.   These   graphs   are   a   further   proof   that  channel  weirs  WC— 2  and  WC— 3.  Above  these  two  stations,  how- 

precipitaticm  was  the  dominant  supplier  of  stormflow  in  ever,    the    percentage    of    saturated    area    before    and 

the  yi-hour  storm.  In  longer  storms  its  importance  was  throughout    the    storm    was    greater    than    that   above 
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Figure  52. -Channel  ninoff  data  from  stations  WC-1,  WC-2.  and  WC-3  during  and  after  the  six-hour  irrigation  of  the 

channel  area  on. June  27,  1968. 
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Table  16.— Peak  rates  of  stormflow    at  weirs  WC-I,  WC-2,  and  WC-3  and  rainfall  rates  over  the  irrigated  areas  above 

each  weir  in  the  artificial  storms  on  the  channel  area 


Above  WC-1 

Above  WC-2 

Above  WC-3 

Date 

Rainfall 
rate 

Peak 
storm- 
flow 
rate 

Peak  flow 

rate  as 

percentage 

of  rainfall 

rate 

Rainfall 
rate 

Peak 
storm- 
flow 
rate 

Peak  flow 

rate  as 

percentage 

of  rainfall 

rate 

Rainfall 
rate 

Peak 
storm- 
flow 
rate 

Peak  flow 

rate  as 

percentage 

of  rainfall 

rate 

June  14, 1968 

(■/z-hr.) 
June  25, 1968 

(1-hr.) 
July  1,  1968 

(2-hr.) 
June  27,  1968 

(6-hr.) 

G.p.m. 
59 

71 

39 

52 

G.p.  m. 
13.8 

21.7 

25.5 

41.7 

23.4 
30.6 
65.4 
80.2 

G.p.m. 
98 

117 

68 

93 

G.p.m. 
37.5 

51.8 

69.5 

97.8 

38.3 

44.3 

102.2 

105.2 

G.p.m. 
163 

209 

146 

178 

G.p.m. 
96.7 

122.1 

155 

186 

59.3 

58.4 

106.2 

104.5 

Peak  stormflow  rate  is  peak  runoff  rate  minus  baseflow  rate. 

WC— 1,  causing  these  two  weirs  to  feel  the  greater  rain- 
fall intensity  in  the  l-hour  storm  more  severely.  The 
percentage  of  the  stormflow  produced  by  channel  pre- 
cipitation in  the  reaches  below  WC— 1  was  greater  than 
expected  in  this  event. 

We  developed  a  simple  routing  procedure  to  compare 
the  temporal  relationships  of  the  inflows  to  each  gage 
(figs.  55,  56,  57,  and  58).  Cumulative  volumes  of  storm- 
flow at  each  gage  were  plotted  on  a  relative  time  scale. 
The  positions  of  the  curves  for  WC— 1  and  WC— 2  on  this 
scale  were  adjusted  to  show  the  time  at  which  flow  from 
these  upper  gages  contributed  to  the  hydrograph  at 
WC— 3.  Tracing  salt  solutions  down  the  channel  had 
established  the  fact  that  at  a  wide  range  of  flows, 
channel  velocities  were  approximately  constant.  The 
following  approximate  times  were  required  for  water  to 
travel  through  the  reaches:  5  minutes  for  the  reach 
above  WC— 1;  5  minutes  between  WC— 1  and  WC— 2;  and 
20  minutes  from  WC— 2  to  WC— 3.  These  times  were 
used  to  lag  the  cumulative  volumes  of  flow  from  WC— 2 
and  WC— 1  behind  the  curve  for  WC— 3.  The  cumulative 
curve  of  channel  precipitation  in  each  stretch  of  channel 
was  then  lagged  by  half  the  time  lag  for  that  reach  (to 
represent  an  average  time  for  the  water  to  flow  out  of 
the  reach)  and  added  to  the  inflow  from  the  upper  gage. 

In  the  early  part  of  each  storm,  drainage  of  channel 
precipitation  from  each  reach  accounted  for  almost  all 
of  the  stormflow  produced.  In  the  '/2-hour  storm, 
channel  precipitation  accounted  for  two-thirds  of  the 
total  stormflow  generated  in  the  lowest  reach  up  to  the 
time  of  the  peak  at  WC— 3.  In  the  middle  and  upper 
reaches,  water  falling  onto  the  saturated  channel  floor 
accounted  for  50  percent  and  118  percent  of  the  storm- 


flow generated  before  the  respective  hydrograph  peaks. 
The  lateral  inflows  were  greater  in  the  lower  two  reaches 
for  reasons  previously  discussed. 

As  the  duration  of  the  storms  increased,  lateral 
inflows  contributed  larger  amounts  of  stormflow.  One 
exception  to  this  trend,  however,  was  the  1-hour  storm 
of  June  25,  in  which  the  rainfall  intensity  was  higher 
than  in  the  other  irrigations.  Consequently,  the  con- 
tribution of  channel  precipitation  to  the  stonnflow 
hydrograph  was  higher  than  would  be  expected  from  the 
general  trend  of  the  other  storms.  In  the  lowest  reach, 
for  example,  channel  precipitation  supplied  71  percent 
of  the  stormflow  generated  in  the  reach  up  to  the  time 
of  the  peak.  The  effect  of  increased  rainfall  intensity  on 
the  ratio  of  channel  precipitation  to  total  stormflow  was 
greatest  in  this  lower  reach  because  the  channel  was 
much  wider  there  than  elsewhere.  The  effect  was 
minimal  in  the  middle  reach  because  the  channel 
between  WC— 1  and  WC— 2  was  flanked  by  steep, 
saturated  banks  down  which  surface  runoff  occurred. 
Because  higher  rainfall  intensity  caused  this  runoff  to 
increase  almost  as  much  as  channel  precipitation,  the 
ratio  of  the  two  remained  approximately  the  same  as 
that  in  the  /2-hour  storm.  In  longer  storms,  however,  the 
contributions  of  lateral  inflows  in  this  reach  became 
dominant.  An  increase  in  rainfall  intensity  causes  the 
channel  depression  to  produce  more  of  the  stormflow  if 
the  rainfall  intensity  remains  below  the  infiltration 
capacity  of  the  soils  of  the  watershed.  Most  of  the 
stormflow  supplying  the  peaks  of  the  hydrographs  in 
storms  with  several  bursts  of  intense  rainfall  originated 
in  the  stream  depression. 

The  differences  in  the  contributions  of  lateral  inflow 
per    foot    of    channel    reflect    the    differences    in    the 
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Figure  53. -Ratio  of  thf  rate  of  channel  precipitation  (C.  P.)  above  WC-1  to  the  maximum  rate  of  storm 
runoff  (Qp)^  )  at  the  weir  for  artificial  storms  of  different  durations. 


physical  characteristics  of  the  reaches.  Throughout  each 
storm  the  lateral  contribution  per  foot  of  channel  was 
least  in  the  reach  above  WC— 1  and  greatest  between 
WC— 1  and  WC— 2.  The  fact  that  the  water  had  to  seep 
through  high,  well-drained  banks  above  WC— 1  had  a 
strong  damping  effect  on  the  rainfall.  Although  the 
channel  was  widest  between  WC— 2  and  WC— 3  and  was 
flanked  by  a  flat  marshy  area  there,  lateral  inflows  per 
foot  of  channel  were  less  than  those  in  the  middle  reach, 
where  the  steep,  saturated  banks  contributed  almost  as 
much  water  as  the  channel  itself.  The  roof  of  the  trench 
on  the  hillside  also  must  have  contributed  some  storm- 
flow  to  this  reach. 

SIGNIFICANT  FINDINGS  FROM  ARTIFICIAL 
STORMS  ON  THE  CHANNEL  AREA 

Hydrographs  produced  from  the  artificial  storms  on 
the  channel  area  had  many  features  of  those  from 
natural  storms.  However,  the  longer  artificial  storms 
allowed  the  runoff  processes  to  approach  a  steady  state 
in  which  the  ratio  of  the  rates  of  runoff  and  rainfall 
tended  toward  unity. 


In  the  early  parts  of  the  artificial  storms,  channel 
precipitation  was  responsible  for  the  major  part  of  the 
steram  discharge.  This  source  became  less  important  as 
the  duration  of  storm  increased,  but  even  at  the  end  of 
the  6-hour  storm,  channel  precipitation  was  a  major 
contributor  to  the  hydrograph.  Higher  rainfall  intensities 
caused  more  of  the  stream  discharge  to  originate  as 
channel  precipitation.  These  findings  were  in  agreement 
with  data  from  natural  storms. 

We  developed  a  simple  routing  technique  to  show  the 
importance  of  channel  precipitation  to  the  stream 
hydrographs  from  the  artificial  storms.  This  had 
previously  been  done  for  runoff  from  weirs  WC— 1  and 
WC— 2  during  natural  storms,  although  travel  time 
through  the  middle  reach  (2  to  5  minutes)  was  not 
considered  in  the  natural  storms.  The  technique  showed 
the  dominance  of  channel  precipitation  during  the  first 
hour  of  the  storms.  This  source  was  still  an  important 
contributor  in  longer  storms,  but  lateral  inflows  also 
supplied  large  amounts  in  these  events  (figs.  56-58). 

Lateral  inflows  came  from  several  sources— subsurface 
flow,  runoff  from  the  steep,  wet  banks  and  the  trench 
roof,    and    surface  runoff  from  small  areas  where   the 
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Figure  54.— Ratio  of  volume  of  channel  precipitation  to  total  stormflow  for 
the  reach  above  WC-1  during  the  artificial  storms  on  the  channel  area. 
The  upper  line  indicates  the  amount  of  channel  precipitation  as  a 
percentage  of  the  amount  of  stormflow  produced  before  the  hydro- 
.  graph  peak.  The  lower  line  shows  channel  precipitation  as  a  percentage 
of  total  stormflow  produced  upto  one  hour  after  the  end  of  rainfall. 


water  table  reached  the  surface.  We  estimated  the 
magnitude  of  these  inflows  by  the  simple  routing  pro- 
cedure, but  could  not  separate  runoff  from  the  various 
sources.  Differences  in  these  contributions  between  the 
reaches  of  channel  could  be  grossly  correlated  with  the 
physical  characteristics  of  the  immediate  channel  area. 


RUNOFF  PRODUCTION  FROM  SEEP  B 
DURING  ARTIFICIAL  RAINSTORMS 

Evidence  from  natural  rainstorms  suggests  that  the 
hydrologic  characteristics  of  Seep  B  were  between  those 
of  the  trenched  hillside  and  the  channel  area.  Storm 
runoff  was  produced  by  almost  all  rains  including  some 
light  rains.  Light  rains  produced  no  storm  runoff  only  in 
late  summer,  when  baseflow  from  the  seep  ceased. 
Hyo  graphs  were  sensitive  to  fluctuations  of  rainfall 
intensity,  but  total  amounts  of  stormflow  were  low 
compared  with  the  total  rain  falling  onto  the  entire  area 
draining  to  the  seep. 


EVENTS  STUDIED 

Three  artificial  rainstorms  were  produced  on  the 
lower  half-acre  of  Seep  B  during  the  summer  of  1968. 
Table  18  lists  amounts,  durations,  and  intensities  of 
these  storms.  The  intensities  were  less  than  many  of  the 
bursts  of  rainfall  that  produced  hydrograph  peaks  in 
natural  rainstorms.  However,  the  same  processes  were 
operative  in  both  types  of  events. 

INSTRUMENTATION 

Runoff  from  the  seep  was  recorded  contiimously  at  a 
45  sharp-crested  V-notch  weir.  Rainfall  during  the  ir- 
rigations was  measured  in  35  cans  with  4-inch  diameters. 
To  measure  water  table  elevations  and  piezometric  head, 
16  stations  were  established  at  locations  A  to  P  in  figure 
4.  These  stations  were  located  in  three  lines,  50  feet,  100 
feet,  and  150  feet  upstream  from  the  weir.  The  wells 
(referred  to  as  AW,  BW,  etc.,  in  the  following  text)  were 
perforated  to  within  1  foot  of  the  ground  surface. 
During  the  first  two  storms,  the  water  table  apparently 


75 


Table  17.— Rates  of  channel  precipitation,^  peak  stormflow,    and  lateral  inflow 
at  the  end  of  rainfall  for  each  weir  during  the  artificial  rainstorms 


Reach 


Above  WC-1 

Above  WC-2 

Above  WC-3 

Duration 

of 

storm, 

hour 

Channel 
precipitation 

Peak 
storm- 
flow 

Lateral 
inflow 
(g.p.m. 

per 
foot  of 
channel) 

Channel 
precipitation 

Peak 

stonn- 

flow 

Lateral 
inflow 
(g.p.m. 

per 
foot  of 
channel) 

Channel 
precipitation 

Peak 

storm- 

flo^\' 

Lateral 
inflow 
(g.p.m. 

per 
foot  of 
channel) 

0.5 
1 
2 
6 

G.p.m. 
10 
12 
9.2 
10.3 

G.p.m. 

13.8 

21.7 

25.5 

41.7 

0.018 
.046 
.078 
.149 

G.p.m. 
18.6 
2L3 
16.1 
18.3 

G.p.m. 

37.5 

51.8 

69.5 

97.8 

0.0.58 
.094 
.164 
.245 

G.p.m. 
45.6 
67.5 
49.2 
49.3 

G.p.m. 
9(i.l 
122 
155 
186 

0.085 
.091 
.176 
.228 

Channel  precipitation  refers  to  rain  that  fell  onto  the  flowing  water  surface  of  the  stream  only. 
Peak  stonnflow  rate  is  peak  flow  rate  minus  prestorm  baseflow  rate. 


did  not  rise  at  some  stations.  However,  other  evidence 
indicated  that  the  water  table  had  risen  at  these 
locations.  Before  the  third  irrigation,  a  second  well  was 
installed  at  each  location  for  more  accuracy.  These  wells 
were  perforated  to  within  1  inch  of  the  surface  and  are 
referred  to  as  A\ ,  BV,  etc.,  in  the  following  text.  Two 
piezometers  were  located  at  each  station— one  2  feet 
deep  and  the  other  4  feet  deep  (referred  to  as  A2,  B2, 
etc.,  and  A4.  B4,  etc.). 

Table  18.— Amounts,  durations,  and  intensities  of  the  artificial 
rainstorms  produced  on  Seep  B 


Date 

Amount' 

Duration 

Intensity 

Return  period 

July    3,1968 
July    8,1968 
July  13, 1968 

Inches 
0.58 
1.16 
2.12 

Hours 
1 
2 
3.5 

In.lhr. 

0.58 

.58 

.60 

Years 

Less  than  2 

4 

50 

Amounts  are  Thiessen-weighted  averages  of  rainfall  from  35 
rain  gages  on  the  '/2-acre  area. 

RESULTS  AND  DISCUSSION 

Changes  of  piezometric  Head.— No  free  water  was 
measured  in  the  lower  line  of  piezometers  (A  to  E)  at 
the  2-  and  4-foot  depths  during  any  of  the  storms.  The 
water  tables  that  developed  and  the  channel  draining  the 
plot  were  perched  above  an  impeding  horizon  that  was 
not  saturated  at  those  depths.  Free  water  was  present  in 
all  the  piezometers  in  the  upper  line  of  stations.  How- 
ever, the  silt  loam  had  such  a  low  conductivity  that  no 
fluctuations  of  piezometric  head  was  measured  after  any 
storm. 


The  response  of  piezometric  head  in  the  middle  line 
of  stations  (F  to  K)  varied  more  than  elsewhere.  There 
was  little  movement  at  the  4-foot  depth.  The  deeper 
piezometers  at  each  location  were  dry  when  rain  began 
but  in  H4  and  14  free  water  rose  a  few  tenths  of  a  foot 
up  the  pipes  after  each  storm.  The  water  levels  in  the 
middle  line  of  2-foot  piezometers  changed  significantly 
during  each  storm.  In  F2,  which  was  drv'  at  the 
beginning  of  each  stonn,  water  rose  slowly  near  or  after 
the  end  of  rainfall,  indicating  that  saturated  conditions 
were  established  at  this  depth  (fig.  59).  However,  the  soil 
was  dense  enough  to  impede  the  flow  of  water  into  the 
piezometer.  The  same  pattern  of  changes  occurred  in 
each  storm  at  12.  Piezometer  J2  remained  dr\-  through- 
out  the  irrigation  period. 

Piezometric  head  at  the  2-foot  depth  at  station  G 
began  to  fluctuate  45  minutes  after  the  beginning  of 
each  rainstorm.  Piezometric  head  increased  throughout 
the  storms  and  reached  a  peak  about  2  hours  after  the 
rain  ended.  The  maximum  level  increased  with  increasing 
storm  duration.  After  the  1-hour  storm,  the  water  level 
in  G2  reached  a  peak  0.68  foot  below  the  soil  surface. 
After  the  2-  and  3.5-hour  storms,  the  water  stood  0.55 
foot  and  0.4  foot  below  ground  level.  The  magnitude  of 
the  rise  of  water  in  G2  reflected  its  position,  close  to  the 
center  of  the  depression,  and  the  fact  that  in  the  center 
of  the  depression,  the  dense,  varved  silt  loam  had  been 
eroded  in  places,  revealing  the  underlying  till.  The  many 
sandy  lenses  of  this  till  facilitated  the  movement  of 
subsurface  water  in  the  center  of  the  plot.  Piezometric 
head  flucutated  most  in  piezometer  H2  in  the  center  of 
the  irrigated  area  (fig.  59).  Before  each  storm,  the  water 
level  in  this  piezometer  stood  less  than  0.25  foot  below 
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Figure  55.— Cumulative  volumes  of  stormflow  and  channel  precipitation  (C. 
P.)  during  the  half-hour  long  artificial  storm  on  the  channel  area,  June 
14,  1968.  The  graphs  are  plotted  on  a  relative  timescale,  indicating 
the  approximate  time  at  which  the  upstream  weirs  and  channel  pre- 
cipitation contributed  flow  to  WC-3.  Pj^,  P2,  and  P3  indicate  the  times 
of  peak  flow  at  weirs  WC-1,  WC-2,  and  WC-3,  respectively. 
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Figure  56.— Cumulative  volumes  of  stormflow  and  channel  precipitation  (C.  P.)  during  the 
one-hour  artificial  storm  over  the  channel  area  on  June  25,  1968.  The  graphs  are 
plotted  on  a  relative  time  scale,  indicating  the  approximate  time  at  which  the  up- 
stream weirs  and  channel  precipitation  contributed  flow  to  UC-3.  Pi,  Po,  and  Po 
indicate  the  times  of  peak  flow  at  weirs  WC-1,  WC-2,  and  WC-3,  respectively. 
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57.— Cumulative  volumes  of  stormflow  and  channel  precipitation  during  the  two-hour  long  artificial 
storm  over  the  channel  area  on  July  1,  1968.  The  graphs  arc  plotted  on  a  relative  time  scale, 
indicating  the  approximate  time  at  which  the  upstream  weirs  and  channel  precipitation  contributed 
flow  to  WC-3.  Pj,  P2,  and  P3  indicate  the  times  of  peak  flow  at  weirs  WC-1,  WC-2,  and  WC-3, 
respectively. 
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Figure  58. -Cumulative  volumes  of  runoff  and  channel  precipitation  (C.  P.)  during  the  six-hour 
long  artificial  storm  over  the  channel  area  on  June  27,  1968.  The  graphs  arc  plotted  on  a 
relative  time  scale,  indicating  the  approximate  time  at  which  the  upstream  weirs  and 
channel  precipitation  contributed  flow  to  weir  WC-3.  Pj,  ?■-).  and  P-^  indicate  the  times  of 
peak  flows  at  weirs  WC-1  and  WC-2. 
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Figure  59. -Changes  of  water-table  elevation  and  piezometric  head  at  stations  F,  H,  and  J  in  the  Seep  B  eatchment 

during  and  after  the  3.5-hour  long  artifieial  rainstorm. 
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the  ground  surface,  or  almost  2  feet  above  the  water 
table.  Within  10  minutes  of  the  beginning  of  each  storm, 
the  piezometric  head  had  started  an  increase  that  carried 
it  above  the  top  of  the  piezometer  (1  foot  above  ground 
levei)^in  the  first  hour  of  the  storm.  Water  issued  from 
the  pipe  for  1  to  2  hours  after  the  rain  ended,  depending 
on  the  magnitude  of  the  storm.  Then,  the  water  level 
declined  to  the  elevation  of  the  ground  surface  over  3  or 
4  hours.  A  strong  pressure  gradient  throughout  the 
storm  drove  water  toward  the  surface  from  the 
permeable  till. 

Piezometric  fluctuations  followed  the  same  pattern  in 
each  storm.  The  only  difference  between  storms  was  the 
increasing  magnitude  of  the  changes  as  the  duration  of 
the  storms  increased.  The  absence  of  change  at  many 
locations  showed  that  the  silt  underlying  the  plot  was 
practically  impermeable  during  the  storms.  Piezometric 
changes  that  did  occur  demonstrated  the  rapid  increase 
of  piezometric  head  in  the  upper  horizon  of  the  soil. 

Changes  of  water  table  elevations.— In  each  storm,  a 
perched  water  table  developed  in  the  permeable 
A-horizon  of  the  soil.  In  some  places  this  water  table 
rose  quickly  to  the  ground  surface,  but  where  more 
storage  was  available,  it  did  not  reach  the  surface. 

Stations  A  to  E  were  established  on  steep,  well- 
drained  slopes.  No  water  table  was  measured  at  locations 
DW  and  EW.  At  stations  A  and  B,  a  perched  water  table 
developed  after  almost  2  hours  of  rain  in  the  longer 
storms.  Rapid  drainage  began  immediately  after  the  end 
of  rainfall. 

In  the  middle  Hne  of  wells  (F  to  K),  the  water  table 
rose  quickly  to  the  surface  in  each  storm  (fig.  59).  The 
low  saturated  conductivity  of  the  silt  loam  impeded  the 
influx  of  water  to  wells  FW,  HW,  and  IW,  but  data  from 
wells  FV,  HV,  and  IV  at  these  locations  showed  that  the 
water  table  rose  to  the  surface.  The  major  portion  of  the 
water  movement  occurred  in  the  upper  foot  of  soil  at 
these  stations. 

The  order  of  the  rise  of  the  water  table  reflected  the 
positions  of  the  wells.  The  water  began  to  rise  at  stations 
G  and  H  3  to  10  minutes  before  a  rise  was  measured  at 
stations  F,  I,  and  J.  The  rates  of  recession  of  the  water 
table  also  reflected  the  positions  of  the  wells.  Drainage 
from  the  sideslopes  into  the  middle  of  the  depression 
caused  the  water  table  to  recede  more  rapidly  at 
locations  F  and  J  than  at  H. 

At  the  upper  line  of  wells,  the  water  table  stood 
approximately  I  foot  below  the  soil  surface  before  each 
storm.  Figure  60  shows  the  rapid  response  of  the  water 
table  at  these  stations.  The  order  of  the  initial  response 
and  of  the  attainment  of  maximum  elevation  followed 
that  of  the  middle  Hne  of  stations.  Well  NW  in  the  center 
of  the    depression   responded   first,   and   was  the  first 


station  at  which  the  water  table  reached  the  ground 
surface.  Well  MW,  only  1  foot  higher,  responded  soon 
after  NW,  and  LW  reacted  approximately  30  minutes 
later  than  MW.  The  permeable  A-horizon  was  poorlv 
developed  at  stations  0  and  P,  where  the  upper  foot  of 
soil  was  much  denser  than  elsewhere  in  the  plot.  Data 
from  wells  OW  and  PW  showed  that  the  water  table 
apparently  rose  slowly. 

The  water  table  reached  the  surface  over  an  area  of 
approximately  4,360  square  feet  in  the  2-  and  3.5-hour 
storms,  but  only  1,760  square  feet  in  the  1-hour  storm 
(fig.  4).  These  areas  were  mapped  a  few  minutes  before 
the  end  of  the  rainstorms.  The  water  table  at  the  upper 
line  of  stations  remained  at  the  surface  for  several  hours 
after  the  rain  ended.  Because  the  slope  of  the  ground 
below  the  middle  and  lower  hues  of  wells  was  greater 
than  below  the  upper  line,  drainage  was  most  rapid  at 
the  lowest  line  and  least  rapid  at  the  Hne  from  L  to  P. 

Runoff.— In  each  storm,  runoff  began  within  minutes 
of  the  onset  of  rainfall  (fig.  61).  Discharge  increased 
rapidly  but  the  rate  of  rise  decreased  gradually  through- 
out the  storms  (except  in  the  early  part  of  the  1-hour 
storm).  The  peak  discharge  occurred  within  3  to  5 
minutes  of  the  end  of  rainfall  and  was  followed  by  a 
sharp  decline,  which  reduced  the  runoff  rate  almost  to 
its  prestorm  level  within  1  hour. 

The  hydrographs  had  the  same  general  form  as  those 
produced  in  the  irrigations  of  the  channel  area,  with 
similar  production  mechanisms.  Stormflow  was  first 
contributed  by  the  channel  area  itself,  which  was  re- 
ceiving rainfaH  at  a  rate  of  2  g.p.m.  As  a  perched  water 
table  developed  in  the  permeable  A-horizon  of  the  soil, 
subsurface  flow  contributions  became  increasingly  im- 
portant. (The  changes  in  piezometric  elevation  at  H2 
confirm  this.)  Even  before  water  issued  from  the  top  of 
this  piezometer,  it  was  seen  emerging  from  the  ground 
surface  at  the  head  of  the  channel.  The  rise  of  the  water 
table  to  the  ground  surface  affected  runoff  production 
significantly.  The  matnitude  of  these  effects  increased  as 
the  area  over  which  the  soil  became  saturated  to  the- 
surface  increased.  First,  the  saturated  area  acted  as  an 
impervious  surface  to  all  rain  falHng  on  it.  Second,  the 
flow  velocity  of  water  returning  to  the  surface  around 
the  edges  of  the  saturated  area  and  within  it  increased 
greatly  as  the  water  ran  over  the  surface  toward  the 
stream. 

Although  it  was  not  possible  to  monitor  continuously 
the  area  over  which  the  water  table  was  at  the  surface  at 
any  particular  time,  some  data  on  the  expansion  of 
saturated  conditions  were  collected.  A  few  minutes 
before  the  end  of  each  irrigation,  a  survey  was  made  to 
delineate  the  area  over  which  water  could  be  seen 
flowing    over    the    ground    surface.    (The    survey    was 
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Figure  60.-Chanses  of  wator-table  elevation  at  stations  L,  M.  N,  0,  and  P  in  the  Seep  B  catchment  during  and  after  the 

3.5-hour  long  artificial  storm. 


conservative  and  probably  underestimated  the  area,  but 
generally  agreed  with  well  data.)  The  saturated  areas  in 
the  two  larger  irrigations  were  about  the  same.  At  the 
end  of  the  1-hour  storm,  the  saturated  area  was  only  40 
percent  of  that  at  the  end  of  the  longer  storms  (fig.  4). 
The  area  expanded  rapidly  through  the  gently  sloping 
central  depression  of  the  catchment  during  the  first  2 
hours  of  rainfall.  As  the  perched  water  table  developed 
on  the  side  slopes,  where  soil  drainage  was  facilitated  by 
the  slope  of  the  land,  the  rate  of  expansion  of  the 
saturated  area  decreased. 


We  estimated  the  relative  contributions  of  direct 
rainfall  onto  the  saturated  area  and  of  the  combination 
of  subsurface  flow  and  return  flow.  We  assumed  that  at 
the  end  of  each  storm,  all  rain  falling  onto  the  area  over 
which  the  water  table  stood  at  the  surface  ran  off,  and 
that  there  was  an  equilibrium  between  the  rates  of  rain- 
fall and  runoff.  This  form  of  runoff  was  similar  to 
chaimel  precipitation  and  will  be  referred  to  as  such  in 
the  remainder  of  the  text.  The  rate  of  rainfall  was 
calculated  from  a  Thiessen-weighted  average  of  the 
amounts  collected  by   the  rain  gages  in   the   saturated 
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■iRiin-  61. -Runoff  from  Seep  B  during  the  three  artifieial  rainstorms.  The  dashed  curves  represent  the  mafrnitude  of 
contributions  from  channel  precipitation.  Total  amount  of  rainfall  is  >fiven  for  each  slonii. 


area.  Table  19  li.sls  those  rales  and  the  [)cak  rates  of  as  equal  to  the  rate  of  runoff  caused  by  channel 
storm  runoff  at  the  weir.  If  these  assumptions  are  valid,  precipitation.  (Here  channel  precipitation  means  rain 
the  rate  of  rainfall  onto  the  saturated  area  can  be  taken      falling  onto  the  area  over  which  water  was  How ing  at  the 
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Table  19.— Peak  rates  of  stormflow  from  Seep  B  and  average  rates  of 
rainfall  over  the  saturated  area  in  the  artificial  rainstorms 


Date 

Storm  duration 

Peak  rate  of 
stormflow 

Average  rate  of 
rainfall  onto  the 
saturated  area 

July    3,  1968 
July    8,1968 
July  13,1968 

1 
2 
3.5 

G.p.m. 
47 
73 
90 

G.p.m. 
18.4 
38.7 
49.0 

surface,  not  rain  falling  only  onto  the  2-foot  channel 
shown  in  figure  4.)  The  establishment  of  saturated  con- 
ditions over  much  of  the  plot  was  the  same  as  expanding 
the  channel  area. 

Average  rainfall  intensities  and  the  behavior  of  the 
water  table  were  almost  identical  in  the  three  storms. 
Therefore,  we  assumed  that  the  only  major  difference  in 
nnioff  production  in  the  three  storms  was  the  effect  of 
the  increasing  duration  of  rainfall.  The  rates  of  runoff 
production  from  channel  precipitation  at  the  end  of  the 
1-  and  2-hour  storms  could  then  be  transferred  to  the 
longer  storm,  1  and  2  hours  after  the  rain  began  (fig. 
61).  The  recession  of  runoff  from  channel  precipitation 
had  to  be  estimated.  We  assumed  that  recession  of  this 
overland  flow  began  when  the  mnoff  from  the  weir 
began  its  rapid  decline,  and  ended  when  the  recession 
limb  of  the  hydrograph  changes  its  slope  abruptly. 

The  area  below  the  lower  curve  in  each  hydrograph  in 
figure  61  represents  the  amount  of  runoff  from  direct 
rainfall  onto  the  saturated  area.  The  remainder  of  the 
runoff  was  produced  by  a  combination  of  flow  that 
moved  through  the  A-horizon  of  the  soil  to  the  channel 
and  flow  that  returned  to  the  surface  within  and  around 
the  edges  of  the  saturated  area.  From  the  available  data, 
we  could  not  separate  these  two  components  of  runoff. 
However,  during  irrigation  of  the  trenched  slope,  where 
the  slope  of  the  water  table  and  the  thickness  and 
permeability  of  the  A-horizon  were  all  greater  than  those 
in  Seep  B,  we  found  that  return  flow  overshadowed  the 
rates  of  flow  of  water  remaining  in  the  soil.  The  re- 
cession limbs  of  the  separate  hydrographs  of  "subsurface 
flow  and  return  flow"  in  figure  62  were  almost  as  steep 
as  those  of  "channel  precipitation,"  suggesting  that  the 
former  also  represented  the  drainage  of  surface  runoff, 
or  return  flow. 

We  tried  to  estimate  the  contribution  from 
flow  occurring  solely  within  the  A-horizon  of  the 
soil.  We  used  average  values  of  water  table  slope  and 
aquifer  thickness,  and  an  assumed  (probably  high)  value 
of  hydrauhc  conductivity  of  6  inches  per  hour  in  the 
calculation.  The  magnitude  of  lateral  inflows  along  the 
channel  and  the  magnitude  of  the  flow  past  the  middle 
line  of  wells  were  calculated  separately.  The  estimated 


maximum  How  rale  into  the  channel  from  these  sources 
ranged  from  1.3  g.p.m.  to  1  g.p.m.,  depending  on  the 
wells  used  to  calculate  water  table  slope.  Allowing  for  an 
error  of  several  hundred  percent  in  the  estimate  of  flow 
past  the  middle  line  of  wells,  because  of  the  effects  of 
the  strong  piezometric  gradient  at  location  H,  the 
maximum  rate  of  contribution  from  saturated  sub- 
surface flow  could  not  have  exceeded  3  g.p.m.  Peak  rales 
of  combined  subsurface  flow  and  return  flow  separated 
from  the  hydrographs  of  the  three  storms  were  28.6, 
34.3,  and  41  g.p.m.  The  fact  that  outflow  from  the  weir 
had  declined  almost  to  its  prestorm  level  within  an  hour 
of  the  end  of  rainfall,  while  piezometric  pressure  at 
station  H2  was  still  high,  confirms  the  conclusion  that 
true  subsurface  contributions  were  small.  The  major 
sources  of  runoff  during  these  storms  seemed  to  be 
channel  precipitation  and  return  flow.  (The  remaining 
contribution  from  saturated  flow  constituted  less  than  5 
percent  of  the  peak  flow  rate.)  Return  flow  emerged 
from  the  soil  surface  and  could  travel  to  the  stream  at 
velocities  typical  of  overland  flow— more  than  100  times 
as  great  as  those  typical  of  saturated  subsurface  flow, 
according  to  Kirkby  and  Chorley  (25). 

Figure  62  shows  the  estimated  magnitude  of  the 
contributions  of  channel  precipitation  and  combined 
subsurfac  flow  and  return  flow,  which  were  ap- 
proximately the  same  magnitude  in  all  cases.  However, 
the  portion  of  overland  flow  from  channel  precipitation 
tended  to  increase  with  time,  as  can  be  seen  by 
comparing  the  two  hydrographs  from  any  storm  in 
figure  62.  The  ratio  of  the  rate  of  channel  precipitation 
to  the  peak  rate  of  runoff  in  each  of  the  storms  also 
shows  this  trend  (fig.  63). 

SIGNIFICANT  FINDINGS  FROM  ARTIFICIAL 
STORMS  ON  SEEP  B 

Large  amounts  of  runoff  were  measured  during  each 
artificial  storm  on  this  catchment.  Total  amounts  of 
stormflow  from  the  beginning  of  rain  until  1  hour  after 
it  ended  were  25,  39,  and  56  percent,  respectively,  of 
the  total  amounts  of  rain  that  fell.  Most  of  the  irrigated 
area   was   contributing   stormflow   by    the    end   of  the 
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Figure  62.-Hydrographs  of  "subsurface  flow  and  return  flow"  and  of  "channel  precipitation"  for  the  three 

artificial  storms  on  the  Seep  B  catchment. 

3.5-hour  rainfall.  Intensities  of  rainfall  were  less  than  the  storm,  and  over  20  percent  of  the  area   in  the  larger 

infiltration  capacity  of  the  soil.  Therefore,  overland  flow  storms. 

was    not    generated    by    the   mechanism    described   by  Three  interrelated  mechanisms  produced  runoff.  In- 

Horton.    However,   overland    flow    did    occur    over   ap-  filtration    and    percolation    of    water    to    the    shallow 

proximately  9  percent  of  the  irrigated  area  in  the  1-hour  impeding  layer  produced  a  perched  water  table  resulting 
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Figure  63.— Variation  of  the  ratio  of  the  rate  of  channel  precipitation  (C.  P.)  to  peak  rate  of  stonnflow  (Q_j^  )  with  duration  of 

rainfall  in  the  Seep  B  catchment. 


in  slow,  lateral  subsurface  flow.  Because  the  A-horizon 
of  the  soil  lacked  a  large  storage  capacity,  the  rise  of  this 
water  table  to  the  surface  over  an  increasing  area  of  the 
catchment  had  two  important  effects.  Water  was  able  to 
emerge  from  the  soil  surface  and  flow  more  rapidly  to 
the  channel  than  it  would  have  done  within  the  soil.  The 
occurrence  of  a  flooded  area  in  the  center  of  the 
catchment  was  equivalent  to  a  large  increase  of  the 
channel  area.  This  increased  channel  precipitation 
provided  the  third  source  of  storm  runoff. 

The  proportion  of  the  total  stormflow  produced  by 
channel  [irecipitation  rose  quickly  in  the  early  part  of  a 
storm  (and  in  natural  storms).  Because  the  area  of  low 
slope  in  the  middle  of  the  catchment  became  totally 
flooded  after  approximately  2  hours,  the  saturated  area 
spread  much  more  slowly  up  the  side  slopes.  Therefore, 


proportion  of  runoff  supplied  by  channel  precipitation 
increased  more  slowly  after  2  hours  of  rain  (fig.  63). 

The  remainder  of  the  storm  hydrograph  after 
deducting  contributions  from  channel  precipitation  was 
supplied  by  subsurface  flow  and  by  return  flow  that 
emerged  from  the  soil  and  reached  the  channel  as  over- 
land flow.  We  could  only  estimate  the  rate  of  con- 
tribution of  saturated  flow  occurring  entirely  within  the 
soil  profile.  However,  these  rates  were  an  order  of 
magnitude  less  than  the  combined  rate  of  contribution 
from  subsurface  and  return  flow.  Subsurface  flow  could 
only  contribute  significant  quantities  of  flow  to  the 
stream  hydrograph  when  it  emerged  from  the  soil 
surface  and  traveled  to  the  stream  at  velocities  charac- 
teristic of  overland  flow. 
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RESULTS  FROM  STUDIES  OF  RUNOFF- 
PRODUCING  MECHANISMS  IN  RAINSTORMS 

Four  mechanisms  of  runoff  production  were 
recognized  in  the  small  watershed  during  rainstorms: 
deep  seepage  from  the  bedrock  underlying  the  basin; 
subsurface  stormflow  from  the  fluvioglacial  deposits; 
"return  flow"  (flow  emerging  from  the  ground  surface 
on  side  slopes  and  reaching  the  stream  channel  as  over- 
land flow):  and  direct  channel  precipitation.  The 
mechanisms  were  not  independent  and  were  not  discrete 
in  space  or  time.  No  Hortonian  overland  flow  was 
observed,  except  when  the  infiltration  capacity  of  the 
saturated  soil  became  zero  and  overland  flow  resulted. 

DEEP  SEEPAGE 

Deep  seepage  emerged  from  springs  in  major  joints  of 
the  bedrock,  and  also  occurred  as  distributed  lateral 
inflow  from  smaller  joints  along  the  channel.  Although 
runoff  from  this  source  did  not  increase  during  storms,  it 
affected  the  production  of  storm  runoff  significantly. 
First,  baseflow  in  the  stream  channel  was  one  control  of 
the  magnitude  of  the  hydrograph  peak.  Second,  seepage 
from  springs  and  streambanks  controlled  the  area  that 
was  wet  enough  to  produce  stormflow  by  other 
mechanisms  during  stroms.  Contributions  from  the 
water  shed  above  WC— 1  to  the  storm  hydrograph  at 
WC— 2  varied  seasonally  as  the  wet  area  maintained  by 
flow  from  Seep  A  expanded  and  contracted.  The 
fluvioglacial  deposits  in  the  basin  contributed  only  small 
amounts  of  baseflow  to  the  stream.  Flow  from  the  lower 
tiles  on  the  trenched  hillside  was  only  a  small  percentage 
of  the  amount  of  baseflow  added  to  the  stream  between 
WC-1  and  WC-2. 

SUBSURFACE  FLOW 

Subsurface  stormflow  (flow  that  remained  below  the 
soil  surface  on  its  way  to  the  stream  channel)  was  a 
modest  contributor  to  the  storm  hydrograph.  In  Seep  B, 
where  a  shallow  impeding  layer  caused  a  perched  water 
table  to  form,  subsurface  stormflow  was  measurable  but 
small.  During  natural  rainstorms,  discharge  from  the  seep 
was  too  responsive  to  rainfall  fluctuations  to  have 
originated  as  subsurface  flow  (fig.  22)  and  could  be 
explained  by  other  processes.  During  the  artificial  rain- 
storms on  Seep  B,  true  subsurface  flow  produced  1  to  5 
percent  of  the  peak  discharge.  This  contribution  was  so 
small  and  those  from  other  sources  were  so  large  and 
responsive  to  rainfall,  that  subsurface  flow  did  not  even 
control  the  form  of  the  recession  limb  of  the  hydrograph 


until  the  stream  discharge  returned  almost  to  its  pre- 
storm  level. 

In  the  deep,  permeable  soils  of  the  trenched  hillside, 
subsurface  stormflow  produced  no  runoff  during  natural 
storms.  Throughout  the  summer  the  water  table  was 
several  feet  below  the  ground  surface,  and  the  A-horizon 
of  the  soil  was  generally  depleted  of  moisture  by 
evapotranspiration  and  had  a  considerable  storage 
capacity.  Storms  in  this  region  usually  are  not  large 
enough  to  fill  this  capacity  and  to  contribute  to  the 
groundwater  at  rates  sufficient  to  produce  large  amounts 
of  runoff.  Even  extreme  events,  such  as  the  3.81-inch 
rainfall  of  July  17,  1968,  with  a  return  period  of  over 
100  years  (54),  failed  to  produce  stormflow  from  the 
deep  soil  of  the  straight  hillside. 

On  the  concave  plot,  the  combination  of  an  initially 
shallower  water  table  and  an  impeding  layer  did  allow 
the  generation  of  subsurface  stormflow  during  large 
artificial  storms  with  return  periods  of  more  than  2 
years,  occurring  on  extremely  wet  antecedent 
conditions.  However,  this  runoff  .was  remarkable  more 
for  its  small  magnitude  and  late  response  than  for  its 
importance  to  total  storm  nmoff  (table  14).  Subsurface 
flow  from  the  2-  to  6-foot  depth  increment  measured  in 
the  lower  tiles  of  these  plots  xincreased  slowly  and  never 
produced  more  than  0.02  g.p.m.  per  foot  of  hillside. 
When  the  water  table  rose  into  the  sandy  loam  of  the 
A-horizon,  subsurface  stormflow  increased  considerably, 
in  magnitude  and  responsiveness.  However,  even  this  flow 
was  of  minor  importance  compared  with  total  stonn 
runoff.  The  maximum  discharge  from  this  horizon  was 
0.12  g.p.m.  per  foot  of  hillside. 

These  observations  of  the  unimportance  of  subsurface 
stormflow  from  the  hillside  contrast  with  some  recent 
reports.  Whipkey  (57)  measured  subsurface  flow  from 
sandy  loam  forest  soil  36  inches  deep  in  Ohio.  The  24 
artificial  storms  produced  ranged  in  amount  from  0.68 
to  4.2  inches,  and  in  intensity  from  0.68  to  2  inches  per 
hour.  Development  of  a  perched  water  table  above  a 
dense  loam  at  a  depth  of  36  inches  produced  lateral  flow 
through  the  upper  permeable  horizon.  Whipkey 
measured  outflow  rates  at  the  ground  surface  and  at 
depths  of  22,  36,  48,  and  60  inches  in  the  soil  profile. 
Figures  64  and  65  show  some  of  his  results. 

Many  have  accepted  Whipkey 's  results  as  proving  that 
such  subsurface  flow  is  a  major  control  of  stream  hy- 
drographs.  Kirkby  and  Chorley  (25,  p.8)  suggest  that 
Whipkey 's  data  show  that  "'.  .  .  .throughflow  is  capable 
of  producing  runoff  peaks  in  river  hydrographs,  '  after 
examining  Whipkey 's  data  and  comparing  it  with  results 
from  our  study,  I  doubt  the  ability  of  subsurface  storm- 
flow alone  to  produce  the  kind  of  hydrograph  peaks 
obsen^ed   in   most  humid   areas.  The  evidence  suggests 
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Numbers  on  curves   refer  to  depth  from 
which  flow   was  measured: 

2"  0"56  centimeters    below  surface 
3-  56*90  centimeters   below  surface 
4-90-120  centimeters  below  surface 
5-120-150  centimeters   below  surface 
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Figure  64.— Discharge  hydrograph  of  outtlow  seepage  from  a  storm  of  1.26 
inches  in  100  minutes  under  "wet"  conditions  (after  UTiipkey,  1965). 


that  water  that  remains  below  the  soil  surface  on  its  way 
down  hillsides  to  a  stream  contributes  only  a  small  part 
of  the  water  supplying  the  peak  of  a  river  hydrograph. 

No  data  are  available  on  the  behavior  of  the  stream  at 
the  base  of  the  slope  studied  by  Whipkey,  or  on  runoff 
in  natural  storms.  He  does  not  indicate  the  effects  of  his 
"wet"  and  "dry"  antecedent  conditions,  or  the  mag- 
nitude of  his  irrigations,  on  the  development  of  river 
hydrographs  in  that  area.  Because  the  area  is  similar  to 
Vermont,  the  trenched  hillside  in  Happy  Valley  seems  to 
be  more  favorable  for  subsurface  stormflow  than  the  one 
Whipkey  studied.  The  trenched  slope  was  steeper  than 
Whipkey's  and  the  impeding  layer  on  the  concave  plot 
was  generally  at  a  shallower  depth.  Although  under 
pasture  at  the  time  of  the  study,  the  slope  had  been 
covered  by  pine  woodland  30  years  before,  and  the 
A-horizon  of  the  soil  had  an  open  structure  interlaced 
with  root  holes  and  worm  holes.  The  saturated  hydraulic 
conductivity  of  the  soil  (estimated  from  field  data  by 
the  same  method  that  Whikpey  used)  was  greater  (15.1 
inches  per  hour)  than  the  one  he  calculated  (11.2  inches 
per  hour). 

The  total  amount,  peak  rate  of  flow,  and  responsive- 
ness of  runoff  from  the  concave  slope  in  Happy  Valley 
were  all  greater  than  those  described  by  Whipkey.  On 
the  slope  in  Ohio,  even  in  a  4-inch  storm  occurring  on  a 
soil  profile  that  had  drained  from  saturation  only  a  few 
days  before,  runoff  did  not  begin  until  Vi  hour  after  the 


end  of  rainfall  (fig.  65).  Total  runoff  in  the  24  hours 
following  this  storm  was  only  10  percent  of  applied  rain- 
fall. From  a  strom  of  1.72  inches  on  the  concave  plot  in 
Happy  Valley,  10  percent  of  the  rainfall  left  the  hillside 
as  subsurface  stormflow  in  the  6  hours  following  the  end 
of  rainfall  (table  14).  The  delay  before  the  onset  of  this 
flow  was  smaller  than  that  in  figure  65.  Although  sub- 
surface stormflow  on  plot  No.  2  in  Happy  Valley  was 
larger  and  more  responsive  than  that  described  by 
Whipkey,  comparison  of  this  runoff  with  that  from 
other  sources  in  Happy  Valley  showed  that  subsurface 
flow  from  the  hillside  was  a  relatively  small  and  rare 
contributor  to  the  stream  hydrograph  (figs.  21,  39,  and 
40). 

The  contribution  of  subsurface  stormflow  produced 
in  a  narrow  strip  of  land  along  the  edge  of  the  stream 
was  difficult  to  evaluate.  Conditions  along  the  stream- 
bank  varied  from  marshy  to  poorly  drained  and  the 
height  of  the  bank  varied  from  1  foot  to  several  feet.  We 
could  not  use  the  Dupuit-Forchheimcr  seepage  model  to 
calculate  inflows  to  the  stream  because  of  the  strong 
upwelling  of  water  beneath  the  channel.  We  had  to 
estimate  lateral  inflows  by  subtracting  known  inflows 
from  the  total  flow  past  each  gaging  station,  for  natural 
and  artificial  storms.  The  amounts  remaining  after  sub- 
traction included  runoff  from  several  different  sources 
close  to  the  stream.  In  addition  to  true  subsurface  flow, 
there   was  an  indeterminate   contribution  from  runoff 
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Figure  65.— Discharge  hydrograph  of  outflow  seepage  from  a  storm  of  four 
inches  in  two  hours  under  "dry"  conditions  (after  Whipkey,  1965). 


down  the  steep,  saturated  streambanks  and  from  the 
roof  of  the  trench. 

The  cumulative  plots  of  runoff  volumes  show  that  in 
storms  of  high  intensity  and  short  duration,  lateral  in- 
flows from  the  bank  areas  were  small  or  negligible  during 
the  rising  limb  of  the  hydrograph.  These  lateral  inflows 
controlled  the  form  of  the  recession  Hmb,  but  true  sub- 
surface stormflow  probably  contributed  little.  In  long 
storms  of  lower  intensities,  and  in  the  artificial  storms 
on  the  channel  area,  subsurface  contributions  became 
increasingly  important  as  the  duration  of  the  storm  in- 
creased, especially  in  the  reach  above  WC— 1.  Even  in 
long  stroms,  however,  hydrograph  peaks  formed  in 
intense  bursts  of  rain  were  supplied  by  channel  pre- 
cipitation rather  than  by  surburface  stormflow  (fig.  20). 


Comparison  of  the  reaction  of  flow  from  the  lower 
tiles  on  the  trenched  hillside  with  the  calculated 
amounts  of  subsurface  flow  supplied  to  the  channel  in 
natural  rainstorms  suggests  that  the  hillsides  did  not 
contribute  very  much  subsurface  stormflow.  The  water 
table  was  close  enough  to  the  soil  surface  to  respond  to 
natural  rainfalls  only  along  the  narrow  valley  floor.  The 
water  table  at  the  base  of  the  concave  hillside  stood 
within  2  feet  of  the  soil  surface  before  some  storms,  but 
reacted  only  slightly  after  several  hours  of  rain.  The  in- 
filtration model  of  Rubin  and  others  (40)  suggests  why  a 
response  of  the  water  table  on  the  hillside  was  so  rare. 
They  found  that  during  infiltration,  a  "transmission 
zone"  in  the  topsoil  increases  in  moisture  content  until 
its  unsaturated  conductivity  is  sufficient  to  allow  passage 
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of  the  applied  water  under  steady-state  conditions. 
Increased  duration  of  storms  at  a  particular  intensity 
causes  only  vertical  extension  of  the  transmission  zone. 
Changes  in  rainfall  intensity  produce  changes  in  the 
moisture  content  of  the  transmission  zone  so  that  a 
change  in  conductivity  can  accommodate  the  increased 
rate  of  input.  Applying  this  theory  to  this  study,  the 
moisture  content  and  unsaturated  conductivity  of  the 
topsoil  were  so  low  that  all  of  the  rain  that  fell  was 
stored  to  increase  the  conductivity.  Only  very  small 
amounts  were  left  for  transmission  to  the  water  table 
during  fall  storms,  and  in  summer,  the  rain  was  absorbed 
and  held  in  the  upper  soil  horizons  for  several  hours. 

Our  study  and  a  study  of  "partial-area"  contributions 
by  Regan  (38)  support  this  analysis.  However,  Hewlett 
and  Hibbert  (7  7)  and  Kirkby  and  Chorley  (25)  envisaged 
relatively  large  areas  of  hillside  contributing  stormflow 
to  a  saturated  zone  at  the  base  of  the  slope  by  ".  .  .slow, 
unsaturated  flow  of  infiltrated  water  downslope  through 
the  soil,  particularly  above  such  less  permeable  horizons 
as  the  base  of  the  root  zone"(25,  p.7).  Stormflow  from 
areas  close  to  the  channel  is  probably  produced  by 
vertical  percolation  to  a  water  table  that  is  close  to  the 
surface.  Such  a  mechanism  could  be  assisted  by  lateral 
percolation  over  an  impeding  layer  but  would  not 
depend  on  it.  Without  anisotropic  conditions,  the  un- 
saturated lateral  flow  postulated  by  Kirkby  and  Chorley 
would  be  impossible  (36). 

The  following  is  a  qualitative  description  of  the 
generation  of  subsurface  stormflow  close  to  a  channel. 
Figure  66(A)  shows  the  distribution  of  water  in  a  hillside 
soil  mass  before  a  storm.  The  curves  above  the  water 
table  represent  the  equilibrium  distribution  of  water  in 
the  unsaturated  phase.  At  any  particular  depth,  the  soil 
profile  will  increase  in  moisture  content  with  distance 
from  the  watershed  divide.  The  vertical  unsaturated 
conductivity  of  the  soil  at  any  particular  depth  will 
increase  downslope.  By  the  Rubin  model,  less  storage  of 
infiltrating  water  will  be  necessary  at  the  base  of  the 
slope  to  raise  the  conductivity  of  the  soil  to  a  level 
sufficient  to  transmit  water  at  the  applied  rate.  The  rate 
and  magnitude  of  transmission  of  water  toward  the 
water  table  increases  downslope.  This  fact  and  the 
decreasing  depth  of  the  water  table  as  the  stream  is  ap- 
proached combine  to  ensure  that  vertical  infiltration  of 
water  will  cause  the  water  table  near  the  stream  to  rise 
early  in  a  storm. 

The  capillary  fringe  is  a  zone  of  soil  which  is  es- 
sentially saturated  but  under  low  tension,  and  it  may 
intersect  the  surface  dose  to  the  stream.  Adding  only  a 
small  amount  of  water  to  this  zone  will  release  the 
tension  on  the  soil  water  and  convert  the  capillary  fringe 
to  a  saturated  zone.  The  water  table  close  to  the  stream 


will  rise  rapidly,  increasing  its  slope  toward  the  stream  to 
produce  subsurface  stormflow.  In  the  early  part  of  the 
storm,  the  water  table  may  actually  slope  away  from  the 
stream  at  some  point  [fig.  66(B)].  As  the  storm 
progresses,  water  infiltrating  the  soil  further  upslope  can 
percolate  to  the  water  table  and  begin  to  contribute 
stormflow  to  the  stream.  Hewlett  and  Hibbert  (7  7)  have 
described  a  concept  of  an  expanding  drainage  area  con- 
tributing storm  runoff  to  a  stream.  However,  over  large 
areas  of  the  watershed,  the  water  table  may  be  so  far 
below  the  ground  surface,  and  the  topsoil  may  be  so  dry 
that  the  water  table  does  not  react  during  the  storm.  The 
area  that  contributes  stormflow  in  this  way  will  depend 
on  rainfall  intensity  and  duration,  antecedent  pre- 
cipitation, ground  slope,  and  the  hydraulic  conductivity 
characteristics  of  the  soil. 

Lateral  inflows  of  this  kind  contributed  36  to  43  per- 
cent of  the  storm  runoff  measured  by  Ragan  (38)  in  a 
watershed  underlain  by  fluvioglacial  sand.  We  do  not 
know  the  contribution  of  subsurface  flow  to  the  storm 
hydrograph  in  Happy  Valley,  because  we  could  not 
separate  all  the  runoff  from  this  source  from  that 
supplied  by  other  lateral  inflows.  Surface  runoff  from 
the  steep  banks,  and  runoff  from  the  saturated  floor  of 
the  stream  depression  not  covered  by  the  flowing 
stream,  were  considerable.  In  many  natural  storms,  rain 
falling  onto  the  saturated  floor  of  the  stream  depression 
exceeded  the  volume  of  flow  under  the  storm  hy- 
drogrpah,  indicating  considerable  water  storage  even 
within  the  depression.  The  small  response  of  subsurface 
stormflow  on  the  trenched  slope,  even  under  extremely 
wet  antecedent  conditions,  suggests  that  such  flow  was 
only  important  to  the  storm  hydrograph  in  very  long 
storms.  However,  in  our  study  and  that  of  Ragan  (38), 
peak  rates  of  lateral  inflow  lagged  the  hydrograph  peak 
at  the  downstream  gaging  station.  This  subsurface  storm- 
flow was  a  more  important  contributor  to  the  recession 
limb  of  the  stream  hydrograph  than  to  the  rising  limb. 
The  generation  of  runoff  over  the  ground  surface  caused 
the  immediate  rise  of  the  stream  following  intense  bursts 
of  rain.  This  generation  of  runoff  was  even  more 
responsive  than  subsurface  stormflow  from  the  valley 
bottom. 

RETURN  FLOW 

Return  flow  originated  the  same  as  subsurface  storm- 
flow, but  its  emergence  from  the  ground  gave  several 
features  that  its  subsurface  counterpart  lacked.  First,  it 
was  more  sensitive  to  changes  of  rainfall  intensity,  and 
second,  contributed  more  to  hydrograph  peaks  in  river 
channels.  Return  flow  was  produced  during  artificial 
storms   on   Seep   B,   and  on  the  concave  plot  on  the 
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Fis,Tjrc  66.-Scli<'matii-  diagram  of  ihc  riaction  of  thr  soil-water  system  close  to  a  stream  during  a  stonn.  A.  Water-table 
position  and  soil  moisture  profiles  before  a  storm.  B.  Response  of  the  water  table  and  soil-moisture  profiles  during 
rainfall.  The  dashed  lines  indicate  the  storage  of  water  in  the  topsoil. 


trenched  hillside.  Natural  rainstorms  following  artificial 
rainstorms  on  the  concave  plot  also  produced  it. 

Return  flow  occurred  when  the  water  table  (perched 
or  general)  intersected  the  surface  of  the  soil.  In  the 
central  hollow  both  on  the  trenched  slope  and  in  Seep  B, 
water  levels  in  the  2-foot  piezometers  stood  above  the 
water  table  during  artificial  storms,  indicating  an  upward 
component  of  flow.  However,  at  other  locations  there 
was   a  strong  downward  component   between   the  soil 


surface  and  the  2-foot  depth.  Water  emerged  from  the 
soil  surface  first  at  small  breaks  of  slope  and  at  places 
where  the  A-horizon  of  the  soil  thinned  in  the  lower  part 
of  the  concave  plot,  and  at  the  head  of  the  stream  in  the 
Seep  B  catchment.  Gradually  the  saturated  area  spread 
u[)slope. 

The  velocit)  of  the  flow  was  much  greater  when  it 
emerged  from  the  surface.  The  water  traveled  down  the 
central  hollow  of  the  concave  slope  at  velocities  of  0.1 
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to  0.5  foot  per  second  (measured  by  dye  injection). 
These  velocities  were  100  to  500  times  those  calculated 
for  subsurface  flow  through  the  steeply  sloping, 
permeable  A-horizon.  Larger  areas  of  the  slope  could 
then  supply  water  to  the  channel  without  the 
impediment  of  subsurface  percolation.  Distances  of  sub- 
surface flow  were  much  shorter.  Also,  storage  on  the  soil 
surface  was  small,  and  the  sensitivity  of  runoff  to  rainfall 
intensity  changes  increased  greatly  compared  with  the 
sensitivity  of  subsurface  flow.  At  the  end  of  rainfall, 
water  drained  quickly  from  the  upper  few  inches  of  soil 
and  the  contribution  rate  of  return  flow  was  drastically 
reduced.  (The  data  from  well  C  and  channel  No.  2—1 
during  the  artificial  storm  of  October  25,  1967,  and  the 
natural  storm  of  July  17,  1968,  show  this.) 

In  the  October  25  storm  on  the  trenched  hillside, 
approximately  38  of  the  42  g.p.m.  measured  in  charmel 
No.  2—1  at  the  end  of  rainfall  originated  as  "return 
flow".  This  equaled  the  rainfall  rate  of  4,500  square  feet 
(34  percent)  of  the  13,234-square-foot  plot.  In  Seep  B, 
the  estimated  rates  of  return  flow  increased  throughout 
the  storm,  but  formed  a  decreasing  proportion  of  the 
peak  runoff  rate  as  storm  duration  increased  (fig.  62). 
Throughout  the  three  artificial  storms  in  which  return 
flow  from  Seep  B  occurred,  its  contribution  was  about 
50  percent  of  total  runoff  rate,  and  its  rate  of  decline 
was  rapid. 


cipitation''  that  ran  off  the  saturated  floor  of  the  stream 
depression.  In  several  storms,  the  stream  above  WC— 1 
was  extended,  increasing  the  area  of  the  stream  surface 
in  the  watershed  by  25  percent.  Runoff  from  channel 
precipitation  was  extremely  responsive  to  changes  in 
rainfall  intensity.  In  intense  storms  of  short  duration, 
channel  precipitation  accounted  for  almost  all  runoff 
under  the  storm  hydrograph.  In  longer  storms  of  gen- 
erally low  intensity,  in  which  lateral  inflows  from 
adjacent  bank  areas  contributed  a  large  portion  of  storm 
runoff,  channel  precipitation  in  intense  bursts  of  rain 
formed  hydrograph  peaks. 

On  the  trenched  slope,  channel  precipitation  was  only 
a  minor  contributor  to  the  storm  hydrograph.  In  the 
storms  in  which  water  flowed  along  the  surface  down 
the  concavity,  channel  precipitation  produced  about  10 
percent  of  the  peak  runoff  rate.  In  Seep  B,  low  slopes 
and  shallow  soils  allowed  flooding  over  a  much  larger 
area  of  the  plot.  Channel  precipitation  on  this  area 
contributed  approximately  50  percent  of  the  runoff  rate 
throughout  the  artificial  storms.  Even  in  natural  storms, 
small  areas  at  the  head  of  the  channel  in  Seep  B  yielded 
channel  precipitation. 


SIGNIFICANT  FINDINGS  FROM  STUDIES  OF 
RUNOFF  PRODUCTION  IN  A  HUMID  AREA 


CHANNEL  PRECIPITATION 

Generally,  the  term  "channel  precipitation"  refers  to 
rain  falling  on  the  stream  surface.  However,  during  heavy 
storms,  return  flow  may  cause  a  large  increase  in  the 
drainage  density  within  a  basin.  Headward  extension  of 
the  stream  along  its  dry  channel,  as  occurred  above 
WC— 1  in  some  of  the  natural  storms  (Figs.  19  and  21), 
can  cause  this.  Similarly,  return  flow  in  the  concave  plot 
on  the  trenched  hillside  and  in  See[)  B  produced  the 
equivalent  of  an  increase  in  the  drainage  density,  and 
particularly  in  the  surface  area  of  the  stream  channel. 
During  the  1.83-inch  natural  storm  of  July  17,  1968,  the 
area  covered  by  channels  in  the  Happy  Valley  Watershed 
increased  by  170  percent.  Similar  extensions  have  been 
observed  in  other  parts  of  the  Sleepers  River  Watershed. 
Hewlett  and  Hibbert  (17)  referred  to  this  expansion  of 
channels  under  the  title  of  the  "variable  source  area 
concept". 

In  both  natural  and  artificial  storms  in  Happy  Valley, 
runoff  from  rain  on  flooded  areas  was  an  important  part 
of  the  hydrograph.  In  the  natural  storms,  channel  pre- 
cipitation was  calculated  only  for  the  stream  surface, 
and  for  a  100-  to  200-square-foot  area  of  Seep  B.  This 
almost    c(;rtainly    underestimated    any    "channel    pre- 


The  results  of  this  study  agree  with  the  "partial-area" 
concept  of  runoff  production.  Small  areas  where  the 
water  table  was  at  ground  surface  contributed  a  high 
proportion  of  the  rainfall  applied  to  them.  The  stream 
depression  and  some  areas  along  the  perennially 
saturated  banks  were  the  most  important  of  these  areas. 
Storage  in  these  areas  was  small,  with  short  travel  times 
out  of  them.  Therefore,  runoff  from  these  sources  was 
mainly  controlled  by  rainfall  intensity.  Rates  of  rise  and 
recession  of  the  hydrograph  were  extreme.  The  runoff- 
producing  characteristics  of  these  areas  were  remarkably 
similar  to  those  of  small  urban  areas  studied  by  Willeke 
(58)  and  Viessman  (55).  The  hydrographs  observed 
during  artificial  storms  on  the  channel  area  and  on  Seep 
B  catchment  resembled  those  obser\cd  b)  Izzard  (24) 
in  a  study  of  overland  flow  from  paved  surfaces.  Such 
comparisons  strengthen  the  conclusion  that  overland 
flow  from  areas  close  to  the  stream  is  the  major  source 
of  rapid  runoff  from  small  watersheds  in  the  area 
studied. 

Areas  near  the  stream,  where  the  water  table  was 
close  to  the  ground  surface  at  the  beginning  of  a  storm, 
also  contributed  stormflow  to  the  channel.  In  some  of 
these  areas,  the  water  table  rose  to  the  surface  during  the 
storm  and  subsequent  precipitation  ran  off  immediately. 
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In  other  areas  of  the  valley  floor,  such  as  the  reach  above 
WC— 1  where  the  soil  was  deeper  and  more  permeable 
than  in  the  lower  reaches,  the  water  table  did  not  rise  to 
the  ground  surface,  but  rose  enough  to  cause  an  increase 
in  subsurface  flow  from  beneath  the  valley  floor.  We 
could  not  separate  the  actual  amount  of  this  flow  from 
Dther  lateral  inflows,  such  as  surface  runoff  from  the 
steep,  wet  banks  of  the  stream.  However,  data  from  the 
trenched  hillside  suggest  that  subsurface  flow  con- 
tributions from  the  banks  were  probably  small  compared 
with  total  stormflow"  [rates].  This  subsurface  stormflow 
increased  in  importance  duration  increased,  but  the 
seepage  was  not  as  responsive  as  channel  precipitation, 
because  of  the  storage  of  and  resistance  to  flow  within 
the  soil.  This  flow  attained  peak  rates  later  than  the 
channel  runoff,  making  its  major  contribution  to  the 
recession  limb  of  the  hydrograph  in  most  natural  storms. 

In  heavy  storms  of  long  duration,  perched  water 
tables  developed  in  small  areas  of  hillside  that  had  soils 
with  shallow  A-horizons.  Although  these  areas  con- 
tributed measurable  quantities  of  subsurface  flow,  they 
were  too  small,  too  late  to  respond,  and  too  insensitive 
to  changes  of  rainfall  intensity  to  contribute  signif- 
icantly to  the  channel  hydrograph.  We  measured  sub- 
surface flow  in  a  highly  permeable  topsoil  over  a  steeply 
sloping  impeding  layer,  and  found  it  to  be  of  the  same 
order  of  magnitude  as  that  described  by  Whipkey  (57). 
However,  its  contribution  to  the  storm  hydrograph  was 
small. 

In  large  rainstorms  on  extremely  wet  antecedent 
conditions,  the  negligible  lateral  drainage  from  the 
A-horizon  resulted  in  the  exhaustion  of  storage  capacity 
of  the  topsoil.  When  the  water  table  reached  the  surface 
over  small  areas  on  the  trenched  slope  and  in  Seep  B, 
water  emerged  from  the  ground  surface.  Its  velocity  of 
flow  increased  by  approximately  two  orders  of  magni- 
tude over  its  velocity  beneath  the  soil.  Larger  areas  of 
hillside  could  contribute  direct  runoff  to  the  channel 
during  a  storm.  This  runoff  dominated  the  hydrograph 
from  the  trenched  slope  during  the  storms  in  which 
surface  runoff  was  recorded.  In  Seep  B,  a  little  less  than 
50  percent  of  storm  runoff  during  artificial  storms  was 
flow  that  returned  to  the  ground  surface  on  its  way  to 
the  stream  channel.  When  rainfall  declines  in  intensity  or 
ceased,  the  water  table  fell  quickly  below  the  surface 
and  total  runoff  rates  from  these  areas  decreased 
drastically. 

Areas  from  which  return  flow  occurred  were  in  effect 
an  expanded  channel  system  as  water  ran  over  the 
surface.  They  reacted  in  the  same  manner  as  the  areas 
that  were  flooded  at  the  beginning  of  the  storms. 
"Expansion  of  the  channel  area  in  this  watershed  by  up  to 
170  percent  of  its  prestorm  value  added  a  large  amount 


of  channel  precipitation  that  was  extremely  sensitive  to 
changes  of  rainfall  intensity. 

The  runoff  process  is  a  continuum,  which  we  can 
view  conveniently  as  a  number  of  flow  subsystems.  They 
are  interdependent,  but  differ  widely  in  responsiveness 
and  total  contribution  to  the  storm  hydrograph.  Because 
of  the  difficulty  of  separating  the  various  modes  of  flow, 
it  is  useful  to  view  the  impeding  characteristics  of  the 
underground  and  surface  environments  as  analogous. 
Figure  67  is  a  schematic  of  the  changes  of  lateral 
saturated  conductivity  and  of  some  of  the  resistance  to 
surface  flow,  such  as  the  Chezy  coefficient  within  and 
over  two  idealized  soils.  As  the  water  table  rises  in  most 
soils,  it  encounters  a  medium  of  higher  conductivity.  In 
the  top  few  inches  of  soil,  values  of  saturated  conduc- 
tivity may  reach  40  to  50  inches  per  hour  (measured  in 
cores  from  the  top  3  inches  of  soil  on  the  trenched 
hillside).  Therefore,  water  flowed  at  about  0.5  foot  per 
hour  in  this  zone  when  the  water  table  was  at  the  surface 
of  the  trenched  slope  during  artificial  storms.  Even  this 
velocity  is  much  smaller  than  those  of  overland  flow  of 
72  to  1,800  feet  per  hour  measured  by  Emmett  (10), 
and  of  360  to  1,800  feet  per  hour  measured  on  the 
trenched  hillside  in  Happy  Valley.  As  the  depth  of  over- 
land flow  increases  downslope,  the  relative  roughness  of 
the  surface  irregularities  decreases  and  the  velocity  of 
flow  increases.  Eventually,  the  surface  runoff  reaches  a 
channel,  where  (in  most  streams)  velocity  continues  to 
increase  with  depth  of  flow.  This  rise  of  the  free  water 
surface  into  zones  of  increasing  transmissivity  affects  the 
production  of  storm  runoff.  The  most  important 
gradient  of  transmissivity  is  at  the  ground  surface.  In 
Happy  Valley,  the  importance  of  an  area  as  a  con- 
tributor to  the  storm  hydrograph  depends  on  its  ability 
to  produce  overland  flow. 

As  Hewlett  and  Hibbert  (7  7)  and  hydrologists  of  the 
Tennessee  Valley  Authority  (48)  have  suggested,  the 
contributing  area  in  Happy  Valley  was  dynamic  in  that  it 
could  expand  or  contract  during  a  rainstorm.  Figure  68 
is  a  sketch  of  the  area  contributing  to  stormflow  in  the 
Happy  Valley  Watershed  in  various  kinds  of  storrns.  (The 
areas  mapped  as  contributing  overland  flow  are  quite 
accurate,  but  those  contributing  subsurface  stormflow 
are  based  on  much  less  evidence.)  The  major  features  of 
the  storm  hydrograph  could  be  explained  in  terms  of  the 
expansion  of  saturated  areas  that  shed  a  high  proportion 
of  the  rainfall  applied  to  them.  The  distribution  and 
extent  of  these  areas  were  closely  related  to  the  pattern 
of  stream  channels.  This  is  probably  why  some  workers 
have  successfully  related  the  drainage  density  of  a 
watershed  to  various  aspects  of  the  storm  hydrograph 
(7)  and  to  water  yields  (6). 
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Figiin'  67.— Scliomatic  rcprcsctilation  of  lh<-  change  ol  transmissivity  with  depth  in  and  over  two 
idealized  soils.  Below  the  surface  transmissivity  is  measured  by  the  lateral  saturated  conductiv- 
ity; above  the  surface  it  is  represented  by  some  measure  of  the  resistanci'  to  surface  flow,  such 
as  the  Chc'/y  coefficient.  The  upper  diafjram  represents  a  soil  whose  transmissivity  decreases 
gradually  with  increasing  depth.  The  lower  diagram  represents  a  soil  with  a  sharp  change  of 
transmi.ssivit>  at  the  base  of  the  A-hori/on. 

The  Happy  Valley  data  show  that  the  most  imfiortaiil  watershed  below  the  railroad  track  produced  no  storm 

antecedent  condition  controlling  runoff  production  was  runoff    iti    these    storms.    Even    when    tht>    soils  of  the 

the  area  already    saturated  close  lo  [he  stream.  In  most  trenched   hillsid<'   were  abnormally    wet,   they   still   had 

storms,  the  antecedent  moistun;  level  ol  the  soils  on  the  enough  storage  caiiacily  to  absorb  most  rainfalls  without 

hillsides  was  not  important.  At  least  90  percent  of  the  producing    any     significant    storm    runoff.    Antecedent 
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Figure  68.— Approximate  range  of  areas  contributing  runoff  to  the  storm  hydrograph  in  the  Happy  Valle>  Watershed. 


moisture  conditions  were  important,  however,  during 
large,  rare  rainstorms  when  the  storage  capacity  of  the 
topsoil  in  such  places  as  plot  No.  2  (concave)  on  the 
trenched  hillside  was  exceeded.  A  comparison  of  the 
runoff  from  the  artificial  storms  of  October  25,  1967, 
and  July  17,  1968,  confirms  this  conclusion  (table  14). 
Initial  depth  of  the  water  table  and  storage  capacity 
within  the  unsaturated  zone  were  the  important  controls 
of  runoff  production  during  these  large  storms.  A 
technique  such  as  the  one  developed  by  Boersma  (3)  for 
predicting  water  table  elevations  from  precipitation  data 


may    supply    a    good    index    of   the    potential    runolf- 
producing  area  of  a  watershed  on  a  given  day. 

This  study  was  conducted  at  the  Sleepers  River 
Experimental  Watershed,  Danville,  Vt.  Within  the  upland 
region  represented  by  this  watershed,  the  juxtaposition 
of  deep,  permeable,  well-drained  soils  and  shallow, 
poorly  drained  soils  is  a  common  feature  and  a  major 
control  of  runoff  production.  Generally,  the  well- 
drained  soils  are  sand\  loams,  developed  on  fluvioglacial 
deposits,  thin  till,  and  bedrock.  The  poorly  drained  soils 
are    silt    loams,    found   on   thick   till   deposits  in   valley 
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bottoms  and  on  north-facing  slopes.  On  this  watershed, 
runoff  is  measured  from  17  smaller  basins  ranging  from 
140  acres  to  43  square  miles.  Within  these  basins, 
streams  draining  areas  of  a  few  acres  on  different  soils 
have  been  gaged  at  various  times. 

Although  the  runoff  data  from  these  watersheds  have 
not  yet  been  analyzed  (juantitatively,  a  preliminary 
survey  confirms  the  conclusions  drawn  in  Happy  Valley. 
Runoff  in  the  larger  watersheds  seems  to  have  been 
generated  in  small  areas  close  to  the  stream.  The  runoff- 
producing  area  of  Happy  Valley  is  similar  to  many  areas 
in  the  valley  bottoms  and  lower  side  slopes  of  the 
Sleepers  River  Watershed.  Measured  rates  of  runoff  from 
these  areas  of  seeps,  poorly  drained  soil,  and  ill-defined 
channels  are  strongly  controlled  by  rainfall  intensity.  As 
this  runoff  proceeds  downstream,  channel  storage  in  the 
main  stream  causes  a  reduction  in  the  sensitivity  of 
measured  runoff  to  rainfall  fluctuations.  The  smooth 
hydrographs  from  the  larger  watersheds  have  long  re- 
cession limbs,  caused  by  drainage  from  the  charuiel 
system  of  water  delivered  to  it  by  small  runoff- 
producing  areas  that  are  remote  from  the  gaging  station. 
Because  this  drainage  takes  so  long,  time  is  also  available 
for  contribution  of  subsurface  flow  to  the  recession  limb 
of  the  hydrograph  in  the  lower  part  of  a  watershed.  To 
understand  the  storm  hydrograph  from  large  watersheds, 
we  need  to  know  the  distribution  of  the  small  runoff- 
producing  areas  and  their  response  to  rainfall.  We  also 
need  to  understand  the  function  of  the  channel  network 
in  storing,  transmitting,  and  modifying  the  short,  intense 
"pulses"  of  runoff  supplied  to  it  by  these  source  areas. 

LANDSCAPE  DEVELOPMENT  IN  A  HUMID 

AREA  IN  RELATION  TO  THE  HYDROLOGIC 

BEHAVIOR  OF  WATERSHEDS 

INTRODUCTION 

Until  recently,  the  model  of  drainage  basin  develop- 
ment proposed  by  Horton  (27)  was  accepted  for  both 
humid  and  arid  environments.  Kirkby  and  Chorley  have 
suggested  that  this  overland  flow  model  represents  only 
a  specialized  end  member  of  a  series  of  models.  They 
claim  that  at  the  other  end  of  the  spectrum,  is  a  model 
in  which  "throughflow  is  dominant  in  controlling  runott 
and,  by  implication,  erosion  patterns"  (25,  p.  20). 

llorton's  model  led  him  to  study  the  hydraulics  of 
overland  flow,  and  the  forces  initiating  erosion.  Develop- 
ment of  simple  principles  of  erosion  theory  then  allowed 
Horton  to  explain  the  development  of  rills,  their 
evolution  into  river  channels,  and  the  regular  spacing  of 
these  channels  throughout  a  landscape.  Strahler  (46,  47) 


Melton  (31),  and  others  have  shown  that  various  lineal 
and  areal  characteristics  of  the  landscape  group  around 
mean  values  within  areas  of  uniform  geology  and 
climate. 

Any  scheme  of  landscape  development  must  explain 
these  geometric  regularities.  In  arid  and  semiarid  areas, 
these  phenomena  seem  to  be  explained  well  by  the 
mechanism  of  overland  flow,  with  its  attendant  erosion, 
occurring  over  large  areas  of  the  landscape  (30).  In 
humid  areas,  however,  overland  flow  does  not  occur  over 
large  areas  of  hillside,  and  channels  do  not  seem  to  be 
initiated  in  the  manner  proposed  by  Horton.  The 
following  is  an  attempt  to  explain  these  geometric 
regularities  by  means  of  runoff-producing  processes  that 
have  been  observed  and  measured  on  a  small  watershed 
in  the  Northeastern  United  States.  Runoff  data  from 
larger  areas  confirm  these  conclusions.  Unfortunately, 
measurement  of  sediment  transport  in  the  stream 
channel  was  not  worthwhile.  The  installation  of  the  four 
flumes  disturbed  the  channel  in  the  vicinity  of  the  gaging 
stations  so  much  that  abundant  supplies  of  sediment 
were  available  within  a  few  feet  of  each  gage. 

GEOMORPHIC  SIGNIFICANCE  OF  THE  VARIOUS 
RUNOFF-PRODUCING  MECHANISMS 

Overland  Flor  Over  Frozen  Ground 

Although  the  amount  of  this  runoff  is  large,  it  does 
not  produce  any  detectable  erosion,  because  the  ground 
surface  is  frozen  when  it  occurs.  During  the  snowmelt 
periods  of  1967  and  1968,  no  significant  (piantity  of 
sediment  was  collected  in  the  surface  channel  or  weir 
boxes  of  the  collection  system  on  the  trenched  slope. 
During  the  snowmelt  season,  there  was  empirical 
evidence  of  some  mass  movement  on  hillslopes.  This  oc- 
curred as  creep  while  the  ground  surface  thawed,  and  as 
earth  flows  in  two  small  areas  that  had  been  bared  by 
tree  throws.  Runoff  produced  on  the  slope  affects  the 
stream  channel  significantly.  The  addition  of  large 
amounts  of  clear  water  to  the  channel  allows  scouring  of 
the  bed  and  banks.  This  process  was  also  observed  in  the 
main  chatuiels  of  the  Sleepers  River  Watershed,  where 
cobbles  up  to  1  foot  in  diameter  were  moved  and 
streambanks  were  scoured  during  snowmelt. 

Channel  Precipitation 

During  the  intense,  short  storms  in  which  channel 
[)recipitation  was  the  sole  contributor  to  the  storm 
hydrograph,  large  amounts  of  sediment  were  observed 
moving  down  the  channel,  particularly  on  the  rising  limb 
of  the  h)  drograph. 
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Subsurface  Stormflow 

Whenever  a  road  cut  or  stream  bank  intersects  a  soil 
profile  with  an  impeding  layer,  slow  seepage  may 
produce  large  quantities  of  sediment  during  snowmelt.^ 
Because  we  do  not  know  the  geographical  distribution  of 
such  situations,  we  cannot  estimate  the  total  con- 
tribution of  sediment  from  this  source. 

Over  large  areas  of  hillslope,  however,  subsurface 
stormflow  is  not  an  important  sediment  producer.  This 
flow  carries  dissolved  load  and  may  also  eluviate  clay 
particles  from  the  soil  profile  (41,  5).  Such  processes 
may  weaken  the  topsoil,  making  it  more  susceptible  to 
stripping  by  overland  flow ,  spring  sapping  or  mass  move- 
ment. 

However,  subsurface  stormflow  may  be  important  for 
the  development  of  stream  channels  and  valley  bottoms, 
and  thus,  indirectly,  for  the  development  of  hillslopes. 
Many  areas  with  poorly  drained  soils  in  the  valley 
bottoms  of  the  Sleepers  River  Watershed  are  being 
stripped  of  their  shallow  A-horizons  by  headward 
sapping  of  small  springs.  Convergence  of  even  slowly 
reacting  seepage  at  the  base  of  hillsides  can  cause 
sajiping.  Subsurface  stormflow  from  the  valley  floor 
occurs  when  the  gradient  of  the  water  table  toward  the 
stream  increases.  Under  such  conditions,  the  banks  of 
the  stream,  especially  on  outer  bends,  become  places 
where  flow  lines  of  the  groundwater  body  converge  (39). 
The  increased  flow  may  cause  sapping  and  the  collapse 
of  the  stream  bank.  The  forces  producing  this  erosion 
would  probably  be  greatest  when  the  stream  is  falling, 
because  a  stream  recedes  much  more  rapidly  than  the 
water  table  declines.  This  drawdown  may  cause  the 
saturated  bank  to  collapse  into  the  stream. 

Return  Flow  and  Overland  Flow 

Overland  flow  may  occur  where  the  water  table  was 
initially  at  the  soil  surface  and  need  not  have  originated 
as  return  flow.  Where  overland  flow  is  deep  enough  to 
entrain  particles,  erosion  will  occur  according  to  the 
principles  summarized  by  Horton  (27).  The  amount  of 
erosion  will  depend  on  the  rainfall  intensity,  slope, 
length  of  saturated  area,  and  the  resistance  of  the  soil. 

The  return  of  water  to  the  ground  surface  may  have 
important  consequences  for  erosion.  Water  emerging 
from  the  ground  surface  may  carry  away  particles  of 
soil.  At  two  locations  in  Happy  Valley,  strong  potential 
gradients  caused  upwelling  of  water  during  artificial  rain- 
storms. In  the  center  of  the  concave  plot  on  the 
trenched  hillside,  the  piezometric  head  at  a  depth  of  2 
feet  rose  above  the  water  table.  The  levels  of  the  piezo- 
metric head  and  the  water  table  were  close  to  or  at  the 
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ground  surface,  and  the  seepage  forces  were  not  suf- 
ficient to  cause  piping.  At  the  head  of  the  channel  in 
Seep  B,  water  issued  from  the  top  of  the  2-foot 
piezometer  (H2),  which  stood  1  foot  above  the  ground 
surface,  producing  a  downward  potential  gradient  of 
more  than  0..5  foot  per  foot  of  depth.  Assuming  a 
porosity  of  the  topsoil  of  0.5  and  a  specific  gravity  of 
the  grains  of  2.64  (quartz),  the  material  would  have 
begun  to  pipe  if  the  piezometric  surface  had  stood  1.64 
feet  above  the  ground  surface.  Although  no  piping  oc- 
curred at  this  location,  a  small  amount  of  soil  was 
detached  at  the  head  of  the  channel,  8  feet  below  station 
H2.  The  artificial  storms  were  not  extreme,  however, 
and  the  headward  sapping  of  this  channel  probably 
occurs  intermittently. 

Sapping  of  the  topsoil  by  return  flow  seems  to  be  an 
important  erosive  process  in  the  Sleepers  River  Water- 
shed. Shallow,  poorly  drained  soils  have  developed  on 
large  areas  of  dense,  silty  till  in  valley  bottoms  and  on 
gentler,  north-facing  slopes.  Physically,  these  soils  are 
similar  to  Buxton  silt  loam.  Because  the  storage  capacity 
of  the  thin  topsoil  is  usually  filled  over  small  areas  when 
return  flow  occurs,  it  causes  headward  sapping  through 
the  shallow  topsoil.  Possibly,  these  areas  are  constantly 
regarded  as  periods  of  wet  years  and  stripping  alternate 
with  drier  periods  of  soil  development. 


Deep  Seepage 

During  periods  of  baseflow,  water  from  deep  seepage 
transports  important  amounts  of  dissolved  and  colloidal 
products  of  weathering  from  the  watershed.  This  water, 
which  may  have  been  in  the  rock-soil  system  a  long  time, 
can  transport  quantities  of  dissolved  load  from  the 
watershed  that  are  equal  to,  or  exceed  the  amounts  of 
suspended  sediment  carried  from  the  basin  (29,  p.  76). 

By  maintaining  antecedent  soil  moisture  and  water 
tables  at  high  levels,  groundwater  seepage  provides  the 
conditions  for  development  of  storm  runoff.  Ground- 
water seepage  also  nourishes  spring  heads  and  lateral 
inflows  along  a  channel.  Although  this  seepage  does  not 
respond  quickly  to  rainfall,  headward  spring  sapping 
may  cause  a  considerable  amount  of  erosion  during 
prolonged  periods  of  heavy  rains  or  snowmelt. 

In  Happy  Valley,  the  most  important  period  of 
prolonged  high  discharge  and  sediment  production 
occurs  immediately  after  the  main  snowmelt  period.  At 
many  of  the  springs  in  the  area,  the  pressure  gradients 
driving  water  out  of  bedrock  joints  towards  the  ground 
surface  are  quite  strong.  A  piezometer  placed  in  a 
bedrock  joint  2  feet  below  the  surface  at  Seep  A  in 
Happy  Valley  held  water  standing  2  feet  above  the 
OTOund   surface   for   several  weeks  after  the  snowmelt 
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period  of  1967.  At  such  times,  strong  piping  forces  that 
were  present  could  remove  the  weathered  overburden, 
already  weakened  by  forst  and  chemical  action.  When 
the  piezometric  level  was  2  feet  above  the  ground 
surface,  material  with  a  porosity  of  0.39  or  greater  could 
be  piped.  The  spring  head  receded  approximately  1  foot 
after  the  snowmelt  period  of  1967  and  several  inches 
during  the  snowmelt  period  of  1968. 

LANDSCAPE  DEVELOPMENT  IN  A 
HUMID  AREA 

The  dominant  feature  of  storm  runoff  production  in 
a  humid  area  is  its  limited  aeral  extent,  which  is  reflected 
in  the  pattern  of  erosion.  In  the  vast  majority  of  storms, 
overland  flow  occurs  only  where  the  water  tables  reaches 
the  ground  surface.  As  Horton  and  others  have 
suggested,  overland  flow  may  also  cause  erosion  where  it 
flows  with  sufficient  velocity.  However,  no  sediment  was 
eroded  from  the  concave  plot  on  the  trenched  hillside 
during  the  storms  that  produced  overland  flow.  During 
most  storms,  channels  scour,  sapping  of  stream  banks, 
and  headward  sapping  of  seepy  areas  by  return  flow  are 
the  main  producers  of  sediment.  In  grassed  and  forested 
areas  in  the  vicinity  of  Happy  Valley,  these  processes 
seem  to  be  responsible  for  sediment  production  in  most 
storms.  They  are  also  responsible  for  some  minor 
erosional  features  of  the  landscape,  such  as  rills  through 
poorly  drained  areas  on  valley  floors  and  on  lower  side 
slopes.  Return  flow  during  large,  infrequent  storms,  or 
snowmelt  may  produce  the  piping  and  shearing  forces 
necessary  to  erode  small  swales  on  hillsides,  such  as  that 
on  the  trenched  slope  in  Happy  Valley.  Increased 
piezometric  pressures  during  wet  periods  may  also 
produce  conditions  for  large  or  small  earth  movements 
in  soils  with  a  safety  factor  close  to  one.  Once  hollows 
are  initiated,  the  fact  that  the  water  table  is  closer  to  the 
surface  than  before  increases  the  likelihood  of  future 
return  flow  or  mass  movement.  The  moister  conditions 
in  the  hollow  and  the  possibility  of  convergence  of  mass 
movement  into  the  hollow  increase  the  importance  of 
these  areas  as  sites  of  differential  weathering  and 
erosion. 

The  major  landscape  features,  such  as  the  distirbution 
of  river  valleys,  seem  to  have  developed  by  headward 
spring  sapping  on  a  large  scale.  This  sapping  may  exploit 
zones  of  structural  weakness,  although  the  subtlety  of 
the  relationship  between  drainage  pattern  and  structure 
varies  with  the  nature  and  degree  of  control.  Newell  has 
showrL  a  relationship  between  drainage  patterns  and 
large-scale  jointing  along  the  Willoughby  Arch  of  north- 
eastern   Vermont.      Newell   suggested    that   control   of 

n 

See  footnote  4. 


groundwater  movement  by  major  joints  in  the  Waits 
River  formation  hsa  produced  zones  of  chemicallv 
weakened  rocks,  which  have  been  exploited  by  spring 
sapping.  The  control  is  clear  in  Happy  Valley.  Each  .seep 
emerges  from  a  bedrock  joint  and  the  direction  of 
sapping  at  each  spring  is  westward  along  the  joints  of  the 
Waits  River  formation.  The  upper  reach  of  the  stream 
will  probably  be  captured  in  the  future  by  a  spring  that 
is  sapping  the  divide  at  the  northeast  corner  of  the 
watershed  in  direct  line  with  the  Happy  Valley  stream. 

We  can  picture  a  scheme  of  landscape  development 
based  on  the  mechanism  of  headward  spring  .sapping.  In 
the  following  description  of  such  a  scheme,  the  simple 
case  of  development  after  a  single  rapid  uplift  will  be 
used.  Any  degree  of  historical  or  structural  complexity 
could  be  built  into  the  postulated  model. 

When  an  area  is  elevated  above  a  base  level,  it  causes 
the  regional  water  table  to  slope,  groundwater  to  drain 
toward  the  hydraulic  sink  provided  by  a  stream  or  sea 
level.  If  the  base  level  is  horizontal  (such  as  a  lake  or  sea 
level),  flow  lines  will  be  parallel  in  a  uniform  medium 
(fig.  69  A.).  A  sloping  base  level,  such  as  a  large,  incised 
stream,  would  give  a  downvalley  gradient  to  the  water 
table  and  thus  to  the  flow  system  (fig.  69,  B.). 

Percolation  of  water  would  lead  to  weathering  and 
weakening  of  the  aquifer  material,  and  to  increased 
porosity  of  the  aquifer.  Both  changes  would  make  the 
material  more  susceptible  to  removal  by  piping  forces, 
produced  by  the  emergence  of  groundwater  during  rainy 
periods  or  during  snowmelt.  Kirkham  (26)  has  measured, 
and  Toth  (50)  has  predicted  from  theory,  the  occurrence 
of  upward  flow  of  groundwater  in  valley  bottoms  and  at 
the  bases  of  slopes.  When  the  drag  force  of  the  upward 
flow  exceeds  the  weight  in  water  of  the  particles  of  the 
weathered  material,  the  particles  will  be  dislodged  and 
carried  away  (//).  If  *^he  hydraulic  gradient  through  the 
material  is  S,  the  specific  weight  ol  the  soil  7^.  its 
specific  gravity  Sg,  and  its  porosity  f,  it  follows  that  for  a 
soil  volume  of  unit  cross-sectional  area  and  water  density 
7^y   removal  of  the  material  will  result  if 


TwS 


or 


>        (1-0   (Ts-7,,) 


>        (1-f)   (Ss   -    !)• 


The  associated  velocity  of  flow  must  exceed  the  settling 
velocity  of  the  grains  to  carry  them  away.  This 
discussion  can  easily  be  generalized  for  three- 
dimensional  flow.  In  the  simple  case  of  parallel  flow 
lines,  seepage  would  aid  stream  or  wave  erosion  in 
causing  parallel  retreat  of  the  scarp. 
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Figure  69.— GroundwattT  flow  nets  after  uplift  or  incision. 

(a)  Groundwater  flow  towards  a  horizontal  base  level. 

(b)  Groundwater  flow  towards  a  river  valley. 

Solid  arrows  are  flow  lines;  dashed  lines  are  contours  of  ^^ater-table  elevation. 


Because  such  a  simple  flow  svsteni  is  unlikely  in 
nature,  however,  concentration  of  flow  lines  would 
usually  occur.  Chance  lumping  of  material,  an  initial  ir- 
regularity of  a  coastline,  lateral  erosion  of  the  valley  wall 
by  a  stream,  or  random  or  systematic  structural 
variations  could  produce  conditions  favorable  to 
concentration    of   flow    lines   (fig.    70).    The  structural 


variations  could  be  any  degree  of  subtlety  and  im- 
portance, and  they  could  be  produced  by  large  joint 
systems,'  small  structures  and  porosity  (23)  or  chemical 
variations    that  allow   chemical  action   to   exploit   rock 


See  footnote  4. 
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Figure  70.— Patterns  of  eonverperiee  of  irrouiidualer  flow  at  the  head  of  an  enibayment.  Solid  arrows  are 
flow  hnes.  Dashed  hnes  ari'  eontours  of  water-table  elevation. 

siructuro.     Kvcn     willioiil     a     (Iclinite    [)atl(rii    of    in-  complicated  iiiilial  coast  line,  or  during  slow  incision  of 

homogcncit)  ,     chance     variations    ol     structure    or  a  meandering  stream. 

topogra|)hy     could     produce     concentration.     We     can 

visualize   the    proc<-ss   more   easily    under   more  realistic  (Concentration  <>(  flow  lines  produces  three  important 

conditions    of    slow    emergence    and    wave    action    on    a  effects.    First,   flow  per  unit  width  of  slope  is  increased. 


101 


Second,  chemical  degradation  of  the  rock  is  increased 
because  of  the  increased  flow,  and  often  because  of  the 
greater  susceptibility  of  such  zones  to  chemical  action. 
Third,  concentration  of  flow  lines  increases  the  pos- 
sibility of  piping  forces  at  the  center  of  the  seepage 
outlet.  This  is  caused  by  an  increase  of  the  hydraulic 


gradient  when  flow  lines  become  concentrated  (fig.  71). 
An  impenious  layer  at  the  base  of  the  slope  would 
increase  the  concentration  of  the  flow  (fig.  72). 

Because  chemical  weakening  and  headward  spring 
sapping  are  favored  at  points  of  flow  convergence,  valley 
development    is    initiated    at    these    places.    Headward 


(b) 


X 


Figure  71.— (a)  Plan  view  and  (b)  cross  section  of  a  flow  net  at  the  head  of  a  valley.  Solid  arrows 
represent  flow  lines;  dashed  lines  represent  watcr-lablc  elevations. 
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Figure  72.— Concentralion  of  flow  lines  over  a  shallow  impervious  layer. 


sapping  proceeds  faster  than  valley  widening  because  it  is 
the  site  of  greatest  flow  convergence.  However,  valley 
widening  occurs  as  deep  seepage  forces  are  augmented 
by  lateral  corrosion  by  the  stream.  As  the  stream 
extends  headward,  it  will  intersect  other  zones,  where 
flow  convergence  caused  by  regional  rock  structure  or 
chance  variation  may  exist.  At  this  point,  spring  sapping 
may  initiate  another  valley  (fig.  73).  This  process  may  be 
repeated  many  times  to  produce  a  branching  network  of 
river  valleys.  The  parrern  of  valleys  may  be  trellised 
where  there  is  strong  congrol  by  linear  structures  at  right 
angles  to  each  other.  Dendritic  drainage  patterns  may 
develop  on  rocks  that  are  generally  homogeneous. 
Several  researchers  (27)  have  noted  the  randomness  of 
drainage  patterns  in  the  absence  of  strong  structural 
control.  In  rocks  whose  structural  inhomogeneities  are 
randomly  distributed,  varied,  and  extremely  subtle, 
spring  sapping  may  produce  a  random  drainage  pattern. 
Leopold  and  others  {29,  p.  421)  state  that  "Although 
Horton's  approach  (to  drainage  evolution  based  on 
processes  of  cross-grading,  micropiracy  and  effects  of 
overland  flow)  and  the  random  walk  give  an  answer  that 
agrees  with  observation  .  .  .  neither  tells  us  whether,  with 
the  passage  of  time,  drainage  basins  do  evolve 
randomly". 

As  the  drainage  system  develops,  underground  piracy, 
in  which  larger,  deeper  basins  may  capture  and  regrade 
smaller,  higher  ones,  is  possible.  Leopold  and  others  (29) 
have  pointed  out  the  problem  of  scale  in  applying 
Horton's  concept  of  cross-grading  of  rills,  even  to  areas 
of  a  few  acres.  Piracy  by  subsurface  seepage  from  basin 
to  basin  is  not  hindered  by  deepening  of  each  drainage 
system  beyond  depths  of  overland  flow  or  valley 
flooding. 

The  lack  of  measurements  over  geologic  time  hinders 
consideration  of  the  development  of  drainage  systems. 
The  existing  evidence  is  scanty  and  debatable.  The 
following  description  of  three  types  of  evidence  that 
might  be  used  to  infer  the  course  of  drainage  develop- 
ment. They  are  based  on  hydrologic  and  geologic 
relations,  and  on  recent  measurements- 


The  hydrologic  literature  contains  of  the  relation 
between  the  area  of  a  drainage  basin  and  some  aspect  of 
the  flow  from  the  basin.  These  relations  have  generally 
been  developed  for  large  areas  and  indicate  that  flow  can 
be  expressed  as  a  power  function  of  drainage  area.  Brush 
(4)  gives  the  following  equation  for  medium-sized  basins 
in  the  Valley  and  Ridge  Province  of  central  Pennsyl- 
vania: 

O2.3  =  80  aO-8 

where  Q2  3  ~  mean  annual  flood  in  c.f.s.,  and 

A  =  drainage  area  in  square  miles. 

In  the  similar  expressions  given  by  Hack  (73)  and 
Leopold  and  Miller  (28),  the  exponent  generally  falls 
between  0.5  and  L  We  may  assume  there  is  a  direct 
relationship  between  the  flow  from  a  spring  and  the  rate 
of  its  headward  advance.  The  characteristic  flow  that  is 
important  could  be  the  mean  annual  flood,  or  some 
other  measure.  The  rate  of  headward  advance  of  the 
spring  would  be  a  function  of  the  drainage  area  above 
the  spring.  Its  form  might  be 

R  =  kAb  b  <  1 

where  R  is  the  mean  annual  rate  of  headward  erosion, 

A  is  the  drainage  area  abose  the  spring,  and 

k  and  b  are  constants  for  a  particular  rock  type 
and  climate. 


Such  a  power  relationship  between  drainage  area  and 
rate  of  advancement  would  indicate  that  early  headward 
erosion  should  be  rapid,  but  should  then  decline  and 
approach  zero  asymptotically. 
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Figure  73.— A  network  of  vallrys  developing  by  headward  spring-sapping.  Flow  lines  con- 
centrate at  the  heads  of  valleys.  Eventually,  the  ."dimple  pattern  of  groundwater  flow  is 
broken  up  as  drainage  networks  extend  from  different  sources  and  compete  for 
water. 


Successive  field  suneys  and  phologrammetric 
rneasurenienls  led  Seginer  (44)  to  develop  a  power 
relationship  between  drainage  area  and  the  rate  of  head- 
ward  ad\ane<-  of  gull)  systems  in  arid  areas.  Although 
the  ratios  of  force  to  resistance  in  gully  systems  differ 
Irom  those  in  humid  areas  of  solid  hedrock,  no  dif- 
ference should  exist  in  the  overall  nature  of  the  model 
being  discussed.  Seginer  mathematically  reconstructed 
the  history  of  one  small  gully  system  using  the 
logarithmic  relation  referred  to  previoush  and  found 
that  the  growth  rate  of  the  gully's  length  incnased  to  a 
peak  150  years  after  its  initiation  and  then  declined. 

Leopold  and  others  (29)  using  data  from  a  study  by 
Ruhe,  traced  the  development  of  drainage  patterns  on 


tills  of  different  ages.  Comparisons  of  drainage  density 
and  numbers  of  streams  of  various  orders  on  the  dated 
tills  indicated  the  rate  of  increase  of  lengths  and 
numbers  of  streams.  The  drainage  development  rate  was 
most  rapid  during  the  first  20,000  years.  Because  it  is 
difficult  to  substitute  space  for  time,  the  relationships 
developed  suggest  only  trends.  However,  they  do 
indicate  that  the  increase  rate  of  drainage  density  and 
numbers  of  channels  increased  during  the  first  20,000 
years  before  decreasing  as  stream  channels  began  to  fill 
the  basin  area. 

As  a  stream  extends  headward  into  its  drainage  area, 
the  convergence  of  flow  lines  will  become  more  pro- 
nounced. For  this  reason,  the  rate  of  s[)ring  sapping  and 
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drainage  development  might  be  expected  to  increase  in 
spite  of  the  decrease  of  drainage  area.  This  tendency 
cannot  proceed  indefinitely,  however,  because  the 
development  of  neighboring  drainage  basins  and  the 
decrease  of  drainage  area  will  limit  the  water  supply.  The 
result  is  a  decreasing  frequency  of  events  that  can  cause 
removal  of  material  from  the  hollow  at  the  head  of  a 
stream.  A  balance  will  occur  in  which  only  the  amount 
of  material  supplied  by  mass  movement  can  be  carried 
away  by  the  water  supplied  by  the  drainage  area  (29). 
Therefore,  "equilibrium"  drainage  area  will  be  some 
finite  value  controlled  by  the  susceptibility  of  the  soil  to 
mass  movement,  the  intensity  of  the  various  processes  of 
mass  movement,  and  the  hydrology  of  the  drainage 
basin.  After  this  equilibrium  between  the  physical  forces 
of  erosion  and  resistance  is  established,  the  basin  could 
be  reduced  further  by  chemical  processes  and  slow  mass 
movement.  The  rate  of  headward  erosion  may  become 
extremely  small,  rather  than  zero.  Possibly,  in  weak 
materials,  headward  development  od  drainage  systems 
may  breach  the  topographic  divide.  (Examples  can  be 
seen  in  the  sands  of  northern  Mississippi.)  In  many  of 
the  Chalk  areas  of  southeastern  England,  headward 
sapping  and  underground  piracy  have  changed  the  course 
of  many  rivers.  The  "seepage  lines"  above  first-order 
streams  described  by  Bunting  (5)  may  be  examples  of 
slow  reduction  of  the  watershed  by  chemical  processes. 
Seepage  lines  along  large  joints  are  also  present  in  the 
Happy  Valley  Watershed  and  can  be  recognized  by 
springtime  vegetation  patterns. 

In  his  description  of  the  development  of  drainage 
basins,  Horton  (21)  was  able  to  explain  the  existence  of 
a  drainage  density  characteristic  of  a  given  area  of 
uniform  climate  and  lithology.  If  we  cannot  apply  the 
Hortonian  runoff  model  to  humid  areas,  then  we  must 
find  another  explanation  of  the  characteristic  drainage 
density  of  a  region.  The  groundwater  hypothesis  of 
landscape  development  is  such  an  explanation.  All  the 
processes  referred  to  in  the  description  of  landscape 
development  and  the  balance  between  them  depend 
ultimately  on  the  controls  of  geology  and  climate. 
Amounts  of  rainfall  and  evapotranspiration  determine 
the  magnitude  of  groundwater  recharge.  The  temporal 
pattern  of  rainfall  or  snowmelt  controls  the  frequency 


and  timing  of  piping  forces.  In  a  given  climate,  geologic 
differences  are  reflected  in  soil  development  and  vegeta- 
tion, and  therefore  in  amounts  of  storage  of  soil 
moisture,  groundwater  recharge,  and  storm  runoff.  Rock 
structure  and  geochemistry  control  the  pattern  of  flow 
and  the  way  the  rock  will  be  exploited  by  the  various 
erosive  agencies.  In  the  terminolog)'  proposed  by 
Schumm  (43),  each  such  region  will  have  a  characteristic 
"constant  of  channel  maintenance,"  or  area  required  to 
sustain  a  unit  length  of  channel.  This  area  will  be  main- 
tained by  a  long-term  balance  between  mass  movement 
into  the  head  of  the  channel  and  flows  of  accumulated 
debris.  The  balance  would  not  be  a  true  equilibrium, 
because  the  remaining  drainage  area  would  tend  to  be 
reduced  slowly  by  chemical  denudation  and  rare  runoff 
events.  However,  even  on  a  geologic  time  scale,  such 
reduction  would  be  exceedingly  slow. 

Thus  it  is  possible,  at  least  qualitatively,  to  explain 
the  regularity  of  landscape  development  in  terms  other 
than  Horton 's.  Because  the  processes  of  runoff 
production  in  a  humid  area  seem  to  be  more  spatially 
varied  than  Horton  postulated,  the  extent  of  the  erosion 
processes  should  also  be  limited.  The  hypothetical 
scheme  proposed  in  this  chapter  does  not  depend  on 
events  of  extreme  magnitude  to  explain  erosion,  drain- 
age density,  and  other  landscape  features.  Wolman  and 
Miller  (59)  found  that  streams  in  Pennsylvania, 
Delaware,  and  the  Carolinas  transported  most  of  their 
sediment  at  discharges  that  occurred  an  average  of  once 
or  twice  a  year.  Piping  forces  were  measured  in  Happy 
Valley  during  snowmelt  and  during  rainstorms  with  a 
return  period  of  less  than  2  years.  This  suggests  that 
forces  that  can  extend  the  drainage  system  occur  during 
events  of  high  frequency. 

This  erosional  scheme  has  been  presented  in  the 
simplified  terms  of  instantaneous  uplift,  uniform 
geology,  and  no  previous  drainage  development- 
conditions  not  usually  encountered  in  nature.  However, 
in  studying  landscapes  that  are  generally  considered 
time-independent,  it  is  useful  to  examine  a  hypothetical 
period  of  time-dependent  development.  In  this  way,  we 
can  examine  the  operation  of  the  factors  controlling  the 
dynamic  equilibrium  of  the  time-independent  phase. 
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